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SUMMARY 

The s i z ing  and performance analyses have been conducted i n  t h e  

design of long-endurance, h igh-a l t i tade  airplanes. 

receive power e i t h e r  continuously beamed from a phased a r r a y  t ransmi t te r  

or  i n t e r m i t t e n t l y  beamed from a d ish  t ransmi t ter .  

These airplanes 

Results are presented fo r  the cases of f l i g h t  i n  zero wind speed and 

nonzero wind speed. 

was r e l a t i v e l y  i nsens i t i ve  t o  changes i n  the  t ransmi t te r  s i te .  The cost 

estimates were made using models tha t  excluded the  a i rp lane cost. Using 

a reference payload, resu l ts  obtained from array and d ish  conf igurat ions 

were compared. Comparlsons showed savings i n  cost as we l l  as smaller 

vehicle sizes when an arr iy t ransmi t te r  was used. 

S e n s i t i v i t y  studies ind ica te  tha t  t he  vehic le  s ize  
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CHAPTER 1 

INTRODUCTION 

Technical advances made i n  recent  years  have made it  f e a s i b l e  t o  

expand the  endurance l i m i t  of High-Altitude Powered Platforms (HAPPs). 

These platforms may achieve almost unlimited endurance by using power 

from e i t h e r  t h e  sun's r ad ia t ion  or the  microwave beams generated by a 

s t a t i o n  loca ted  on the ground as t h e  power supply. Communications-relay 

and observat ion are examples of proposed missions f o r  HAPPs. 

The HAPP system presents  s eve ra l  unique advantages over e x i s t i n g  

a i r c r a f t  and a r t i f i c i a l  satell i tes.  A nominal 70,000-foot a l t i t u d e  of 

operat ion (ref .  1) gives  the  prospect ive users  a maximuin coverage 

diameter of more than 600 m i l e s .  While t he  area covered by the  HAPPs 

is  l imi ted  compared t o  Geosynchronous or Low-Earth-Orbit S a t e l l i t e s ,  t h e  

ground reso lu t ion  provided by HAPPs is a t  least  ten  times better than 

even Low-Earth-Orbit S a t e l l i t e s  can provide. The frequency of coverage 

is another consideration. The o r b i t s  designed f o r  g r e a t e r  frequency of 

coverage of certai.1 loca t ions  on the Earth 's  sur face  n e c e s s i t a t e  

omissions of coverage of o the r  points.  The frequency of coverage 

depends on the intended purpose of the vehic le  or  sa te l l i t e .  HAPPs have 

g rea t e r  coverage frequency i f  one should decide to  make use of it. The 

very need t o  provide high-coverage frequency o f t en  exceeds the  endurance 

l i m i t  of human p i l o t s .  Human endurance l i m i t  a s ide ,  t h e  amount of f u e l  

1 
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ca r r i ed  by a conventionally manned a i r c r a f t  d i c t a t e s  its endurance. By 

contrast, system r e l i a b i l i t y  restricts the endurance of remotely powered 

HAPPS. 

One of the  f i r s t  a t tempts  a t  providing a long-endurance, high- 

a l t i t u d e  platform was assoc ia ted  with l ighter- than-air  vehicles.  The 

Naval Electronics Sys tem Command i n i t i a t e d  t h i s  e f f o r t  i n  1973. The 

program ob jec t ive  included design and f ab r i ca t ion  of four  bas i c  veh ic l e s  

( ref .  2). These vehic les  were designed f o r  f l i g h t  dura t ions  from 

30 hours t o  30 days,  debending on the  primary power suppl ies .  

i l l u s t r a t e s  the conf igJra t ion  of an aerodynamically e f f i c i e n t ,  buoyant 

body as envisioned by the  High-A1.titude Superpressured Powered Aerostat  

(HASPA) Program. Wessel and Petrone expected the  performance of t he  

vehic les  t o  be diminished by high wind speeds and inaccura te  drag 

estimates compared t o  the design values. 

F i g m e  1 

The HAPP designs during the  1970's were not l imi t ed  t o  l ighter- than-  

a l r  vehicles.  Pro jec t  "SUNRISE" ( re f .  3) produced the  world's f i r s t  

sun-powered a i r c r a f t .  

20 pounds and were powered by an electric motor dr iv ing  a p rope l l e r  with 

e l e c t r i c i t y  drawn from s o l a r  a r r ays  mounted t o  upper-wing surfaces.  The 

vehic le  was t o  climb t o  a high a l t i t u d e  during daytime hours,  start t o  

g l ide  during night  hours,  and remain above cloud cover as dayl ight  hours 

approached. While SUNRISE demonstrated the  f e a s i b l i t y  of eolar-powered 

f l i g h t  for l imi ted  duratron,  human-sized payload was a l s o  flown by Paul 

MacCready's Solar  Challenger ( re f .  4). This vehic le  combined the  l i g h t -  

weight electric motor-propeller s y s k e m  with l ightweight  s t ruc tu re .  

These a i r c r a f t  weighed a l i t t l e  more than 
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Reference 5 presented another  HAPP conceptually designed for long 

endurance. According t o  this  r epor t ,  i n  order  t o  achieve mission 

requirements, such solar-powered vehic les  must have l a r g e  wing area and 

span. The authors  predicted the  a v a i l a b i l i t y  of a s o l a r  HAPP by the  

e a r l y  1990's. 

The 1970's a l s o  saw chemically-fueled, remotely p i lo t ed  vers ions of 

HAPP designed f o r  the  United S t a t e s  A i r  Force. The "Compass Dwell" 

Program produced two a i r c r a f t ,  one with a s ingle-pis ton engine,  the 

o ther  with a gas-turbine engine ( re f .  6). 

28 hours was obtained. Before being cancelled i n  1977, the  "Compass 

Cope" Program produced some prototypes t h a t  were capable of f l y i n g  a t  

70,000 f e e t  on missions requir ing endurances of up t o  30 hours. These 

prototypes a l s o  took off  and landed using normal runways constructed f o r  

conventional a i rplanes.  Reference 6 states tha t  one of the reasons f o r  

cancel l ing the  "Compass Dwell" wae t h a t  its proposed opera t iona l  a l t i -  

tude was a l s o  being used by passenger a i r l i n e r s .  "Compass Cope" wa8 

terminated f o r  reasons tha t  were not r e l a t ed  t o  i t a  performance. 

An endurance l e v e l  of about 

A more recent, Analytical  study evalbated the performance of a 

remotely p i lo t ed ,  turboprop airplane powered by chemical or cryogenic 

f u e l s  (ref. 7). The report  concluded t h a t  maximum endurance based on 

wind cons t r a in t s  (about 70 hours) was almost the same f o r  a l l  candidate 

f u e l s  considered f o r  t he  3000-pound vehicle.  The repor t  a l s o  showed 

tha t  endurance l i m i t  was a f f ec t ed  the most by changes i n  s t r u c t u r a l  

weight . 
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The microwave-powered WPP provided the opportuni ty  t o  remove the 

endurance r e s t r i c t i o n  on chemically-fueled WPPs. As opposed t o  solat  . 

powered HAPPs, t he re  would be no a l t i t u d e  l o s s  during the  night  because 

the  vehic le  i t s e l f  would continue t o  receive power from a ground 

s t a t ion .  Su f f i c i en t  t h r u s t  could p 4 e  generated by microwave-powered 

WPs t o  counter wind t h a t  decreased performance of l ighter- than-air  

vehic les  as s t a t e d  earlier. Microwave-powered veh ic l e s  would be 

confined t o  operate  within range of a ground s t a t ion .  

I n  a l l  microwave-pcwered concepts, a ground s t a t i o n  converts  

60-cycle power i n t o  microwave power. The microwave beam is focused a t  a 

"rectenna" (combination r e c t i f  ier and antenna) b u i l t  i n t o  the vehicle .  

The in te rcepted  microwave power would be r e c t i f i e d  t o  on-board electri- 

cal power. 

The National Aeronautics and Space Administration (NASA) has been 

assessing the  c a p a b t l i t i e s  of microwave-powered HAPPs s i n c e  the  la te  

1970's. In one of the  s tud ie s  funded by NASA Headquarters, James Sink0 

( re f .  8) i d e n t i f i e d  two f e a s i b l e  HAPP concepts: blimp and a i r p l a n :  

( f i g  2). 

i n  high winds (being blown out of range of t he  ground s t a t i o n ) .  The 

airplane concept was capable of a t t a i n i n g  the  a l t i t u d e s  and speeds 

beyond thdse of the blimp but offered less sur face  area f o r  mounting the  

rectenna. The t ransmi t t ing  antenna could be one of two d i f f e r e n t  types: 

parabol ic  d i sh  or phased array.  

Slnko s t a t e d  tha t  the  blimp concept would be a t  a i-sadvantage 

The s tud ie s  of references 9 and 10 addressed a "boost-glide'' mode of 

f l i g h t  f o r  microwave-powered HAPP. Using such a mode, the  a i rp l ane  
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would climb while receiving t ransmi t ted  power, then g l i d e  t o  reach t h e  

next power s t a t i o n  to  in t e rcep t  another  microwave power beam to  climb 

again. 

of t he  transmitter antenna, since t h a t  antenna would be required t o  

t rack  only i n  a plane containing the  f l i g h t  path. 

This ooost-glide f l i g h t  path was seen a8 s impl i fy ing  the  designs 

A boost-glioe f l i g h t  

path also takes advantage of t h e  a i rp l ane ' s  forward speed to  extend t h e  

area of coverage. 

a i rp l ane  was f u r t h e r  s tud ied  i n  reference 10. Study r e s u l t s  showed t h a t  

decreased wing loading and increased l i f t  c o e f f i c i e n t ,  two ways t o  

The performance of a microwave-powered, boost-glide 

increase  performance, were both l imi t ed  by wind e f f e c t s .  

Graves ( r e f .  11) conducted a f e a s i b i l i t y  s tudy i n t o  d i f f e r e n t  HAPP 

concepts (nuclear ,  s o l a r ,  and microwave) and found no 6 . d ib l e  so la r -  

powered a i rp l ane  configuration. However, nuclear-powered or microwave- 

powered a i r c r a f t  and convent ional ly  shaped, microwave-powered blimps 

were f e a s i b l e  using technologies expected t o  be developed wi th in  t h e  

next 5 years. Both the  a i rp l ane  and t h e  blimp were designed to  car ry  a 

100-pound payload. 

L i m i t s  on f e a s i b i l i t y  as w e l l  as design guide l ines  f o r  microwave- 

powered a i r c r a f t  were preaented in reference 12. S iz ing  r e s u l t s  were 

obtained f o r  a i rp l anes  designed t o  f l y  i n  zero-wind condi t ions,  using 

c i r c u l a r  f l i g h t  paths. This study a l s o  l inked  a i r c r a f t  design para- 

meters t o  system performance but d id  not consider system costs.  

While providing design guide l ines  and methods, re fe rences  9-12 d id  

not provide a systemmatic way t o  estimate costs of f u t u r e  designs. Also 
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l ack ing  was a vehicle-s iz ing a n a l y s i s  tt i  a t  accounted f o r  a noneero-wind 

environment and vehic le  f l i g h t  mechanica. 

This s tudy of a high-a l t i tude ,  lang-endurance, unmanned a i rp l ane ,  

powered by microwave beams, has t h r .  . I  ob jec t ives :  F i r s t ,  it w i l l  

descr ibe  by a n a l y t i c a l  expressions the r e l a t ionsh ip  between the  a i r c r a f t  

design parameters and the  power source t o  minimize veh ic l e  size. 

Secondly, t he  s tudy w i l l  i nves t iga t e  t h e  wind e f f e c t s  on eero-wind 

so lu t ions  (offered by the  i n i t i a l  s tudy phase). Third,  t he  s tudy w i l l  

i ~ o v i d e  a means of es t imat ing  the  annual cost of t he  ground s t a t i o n  

bascd on mission requirements. 



CHAPTER 2 

MICROWAVE POWER TRANSMISSION 

Power transmission by microwave beam through f r -e  space combines 

severa l  unique technologies. In t h i s  chapter,  t he  components of t h e  

transmission systems are b r i e f l y  described. Spec i f i c  system perfor- 

mances such as t racking accuracy, cost, and transmission e f f i c i ency  w i l l  

a l s o  be discussed. 

2.1 Free-Space Power Transmission 

Free-space power transmission is defined as the point-to-point 

t r a n s f e r  of energy through f r e e  space by a microwave beam ( re f ,  13). 

Free space, however, is defined t o  include a l l  t he  na tu ra l  elements of 

the  environment such as gases and l i q u i d s ,  excluding t h e  presence of any 

a s l i d  objec ts  l i k e  r e f l e c t o r s  between the t ransmi t t ing  and receiving 

points. The primary motive t o  explore  t h i s  transmission sys tem is 

obvious when the  proposed vehic les  are t o  be powered by microwave energy 

In an e f f i c i e n t  manner. 

H i s to r i ca l ly ,  Tesla f i r s t  explored the  concept of power t rans-  

mission by radio waves around the e a r l y  1900’8 ( re f .  13). It w a s  no t  

u n t i l  the  ea r ly  1960’s t ha t  the  advent of highly e f f i c i e n t  tubes ( ca l l ed  

“amplitton” or “klystron” rubes) permitted the  transmission of large 

amounts of power ( severa l  hundred ki lowatts) .  Conventional wires are 

7 
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not  p r a c t i c a l  for carrying microwaves because t h e  microwaves r a d i a t e  too 

much energy i n t o  space as they t r a v e l  along t h e  wires. The amount of 

radiated energy inc reases  arith frequency, and t h e  frequency of micro- 

waves is so high that a l l  of t he  energy is l o s t  from the wires very 

rapidly. It has been discovered t h a t  a "waveguide" is analogous t o  a 

very e f f i c i e n t  form of transmission l i n e  for aicrowaves. A waveguide 

can be either a rectangular  or c i r c u l a r  hollow tube. 

ducted t o  date  has  used 2.45 GHz as the  frequency of transmission. 

corresponding wavelength is about 0.12 cm. This frequency is a t  the 

center  of a frequency band reserved exclusively f o r  noncommunication 

purposes (ref.  11) such as microwave ovens. It is also a good choice 

considering the  a t t enua t ion  i n  power transmission caused by atmospheric 

conditions such as r a i n f a l l .  Reference 14 presented the  t h e o r e t i c a l  

a t t enua t ions  caused by cloud, r a i n ,  and thunderstorm. There is 

v i r t u a l l y  no e f f e c t  up t o  3-GHz frequency. 

of transmission, one reduces the wavelength and decreases the  s i z e  of 

the  antenna. The bene f i c i a l  e f f e c t s  of increased frequency of t rans-  

mission (reduced s i z e ,  hence cost of t r ansmi t t e r )  must t he re fo re  be 

balanced against  atmospheric a t t enua t ion  factors .  

2.2 Microwave Power Transmission System 

Every study con- 

The 

By increasing the  frequency 

W. Brown ( ref .  13) divided the microgave-power transmission i n t o  

th ree  subsystems (fig. 3): power conversion, power transmission, and 

power reception. 

2.2.1 Power Conversion: The conversion of electrical  power i n t o  

microwave power is done r egu la r ly  by broadcasting s t a t i o n s  and common 
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household wens. A device (ref. 13) transforming d i rec t -cur ren t  power 

i n t o  microwave power is called a "magnetron" i n  its microwave oven 

configurat ion or an "amplitron" i n  o s c i l l a t o r  form (fig.  4). This 

device o f f e r s  high e f f i c i ency  by v i r t u e  of Its high-speed, low-mass 

rotor. High e f f i c i e n c y  is p a r t i c u l a r l y  des i r ab le  s i n c e  it  is respon- 

s i b l e  f o r  minimizing hea t  d i s s ipa t ion  problems or minimizing t h e  size of 

t he  prime power source. 

combination of waveguide and r ad ia t ing  module. 

modules can be combined i n  a planar  fashion to  cons t ruc t  t h e  des i red  

geometry of an a r ray  antenna f o r  a ground s ta t ion .  

Figure 5 shows a sketch of t he  f r o n t  view of t he  ind iv idua l  

The magnetron output  is then rad ia ted  by a 

A large number of these  

module with slots and the  c i r c u l a r  a r r ay  comoosed of all. modules being 

arranged i n  a hor izonta l  plane. In reference 13, Brown evaluated 

severa l  methods of d i s t r i b u t i n g  the  phase and amplitude of t he  micr3wave 

beam. He concluded tha t  a c t i v e  phased a r r a y  was the  bes t  way. 

Another method of channeling the output of the magnetron is 

one tha t  employs a paraboloidal re f lec tor .  A "source" of microwave 

energy (magnetron's output)  is placed a t  the  foca l  point  of the  

r e f l e c t o r ,  c r ea t ing  p a r a l l e l  wavefronts ( f ig .  6) .  This is typ ica l  of 

many radar  d i sh  configurations.  

2.2.2 Power Transmission: The power transmisPion l i n k  guides the  

microwave energy from the  output of the generator  t o  the  receiving 

point. It is very important here  t o  considei the a t t enua t ion  f a c t o r s  

a f f ec t ing  the  amount of radiated power. Goubau ( re f .  15) presented a 

t h e o r e t i c a l  r e l a t ionsh ip  between the transmission e f f i c i ency  and the 
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aperture areas of both the receiving and t r ansmi t t i ng  antenna, t h e  

traasoaission pathlength, and wavelength (fig. 7). Overall transmission 

e f f i c i ency  must also account f o r  t he  losses along t h e  transmission path,  

t h e  ape r tu re  i l luminat ion e f f i c i e n c y ,  and the percentage of beam i n t e r  

cepted by t he  receiving aperture,  

dens i ty  d i s t r i b u t i o n s  i n  a beam f o r  increasing e f f i c i e n e f e s  (fig.  8) .  

For e f f i c i e n c l e s  approaching 100 percent,  the d i s t r i b u t i o n  is a 

"truncated Gaussian" . 

Goubau also considered t h e  energy 

Also, Goubau calculated t h e  ape r tu re  area required f o r  given 

values of e f f i c i e n c y  and mount  of power (see table 1). 

show extremely large ape r tu re  areas required for high eff ic iency.  

airplane p l a t f o r m ,  l a r g e  ape r tu re  areas obviously are impract ical ,  

s ince  large wing areas must be provided as w e l l .  

has v e r i f i e d  an e f f i c i e n c y  f a c t o r  of better than 99 perclz- 

Gaussian i l luminat ion d i s t r i b u t i o n  at both the t r a n s m i t t e r  and -eceiver  

surfaces. However, Brown stated i n  rsference 13 t h r t  no such s i t u a t i o n  

e x i s t s  in a p r a c t i c a l  sense. This s t u d j ,  t he re fo re ,  assumes a uniform 

i l luminat ion d i s t r i b u t i o n ,  i n  both phase and amplitude, over t h e  f ace  of 

t h e  array. 

Calculat ions 

For 

Experiatent i n  t h e  l a b  

using t h e  

The priamry ob jec t ive  of the t r ansmi t t e r  antenna is t o  shape 

the t ransmit ted beam BO t h a t  t he  r ad ia t ed  power is concentrated i n  a 

p a r t i c u l a r  d i r e c t i o n  i n  f r e e  space ( re f .  16). A measurement of t he  

e f f ec t iveness  of the  antenna's a b i l i t y  to  concentrate r a d i a t i o n  i n  a 

given d i r e c t i o n  is  ca l l ed  the "antenna gain" (see Appendix A f o r  analyt-  

ical expressions of gain). The l a r g e r  the ape r tu re ,  t he  l a r g e r  t h e  
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gain. 

i l lumination. 

For the same ape r tu re ,  maximum ga in  can be achieved by a uniform 

Figure 9, reproduced from reference 16, is a transmission 

Z e r o  db on t h i s  p a t t e r n  of t h e  antenna p l o t t e d  i n  polar coordinates. 

p l o t  r ep resen t s  t he  mexiinum power. As t h i s  p l o t  indic-ates, t h e r e  is a 

favored d i r e c t i o n  of propagation. The largest "lobe" i n  t h e  f i g u r e  is 

ca l l ed  the "main lobe;" o the r  d l e r  lobes are "sidelobes." Sidelobes 

are caused by t h e  d i scon t inu i ty  presented by the  edge of t h e  antenna 

being at a point  of kigh in t ens i ty .  I f  it is d e s i r a b l e  t o  reduce the  

s idelobe,  a l t e r n a t i v e  i l luminat ion d i s t r i b u t i o n s  can be employed 

(f ig .  10 taken from ref. 17). As seen by f i g u r e  10, techniques t o  

combat s ide lobes  o f t e n  l ead  t o  a wider main lobe as w e l l  as an i nc rease  

i n  the  beam width. 

the syerem designers ,  t he re fo re ,  must eva lua te  t r a d e o f f s  involving 

maximum gain with some sidelobes (Le., uniform i l luminat ion)  versus  

reduced gain and a reduction in sidelobe l e v e l s  (tapered i l luminat ion) .  

Sucl a t radeoff  study is beyond the  scope of t h i s  study. 

I n  t r y i n g  t o  select an optimum i l l umina t ion  p a t t e r n ,  

Ssing the uniform phase and a s o l i t u d e  d i s t r i b u t i o n s ,  t h e  

f a r - f f e ld  power densi ty  d i s t r i b u t i o n s  are derived mathematically for 

t ach  c i r c u l a r  ape r tu re  and highly one-dimensional, rectangular  ape r tu re  

(refs. 18-19). For the  c i r c u l a r  ape r tu re  (normalized with respect  t o  

its maximum value),  t he  power dens i ty  d i s t r i b u t i o n  for  off-boresight 

measur4mnts is the  square of the f i r s t - o r d e r ,  f i r s t -k ind  Bessel 

function ( f ig .  11). Figure 12 shows the d i s t r i b u t i o n  f o r  a rectangular  

aper ture  i n  a plane containing dimension a. This i s  a l s o  the  
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d i s t r i b u t i o n  of an apgr ture  whose dimension b is small compared t o  

a. 

x 

p a t t e r n  f o r  a rec tangular  ape r tu re  whose 

compared to  dimension a is more complex. The expression for power- 

dens i ty  d i s t r i b u t i o n  can be found i n  reference 17. Figure 13 cowares 

t h e  d i s t r i b u t i o n s  of a c i r c u l a r  t r a n s m i t t e r  and a rec tangular  a r r a y  

(whose amximum dimension is equal t o  the  diameter of t he  c i r c u l a r  

array). 

e f f i c i e n t  i n  the  sense t h a t  it has lower s ide lobe  l e v e l s ;  thus ,  i t  

concentrates  more energy i n  the  main lobe than is the case €or t he  

rec tangular  aperture. This study w i l l ,  t he re fo re ,  employ a c i r c u l a r  

aper ture  i n  the  ana lys i s  t o  follow. 

The behavicr is t h a t  of t he  square of the  func t ion  s i n  x lx ,  where 

Far-f i e l d  is a dimension measuring the  off -boresight d e f l e c t  ion. 

b dimension is not small 

As can be seen from t h i s  f i gu re .  a c i r c u l a r  ape r tu re  is more 

The f a r - f i e ld  pa t t e rn  f o r  a parabol ic  d i sk  is reduced by 

approximately 30 percent  i n  i n t e n s i t y  because of t he  phenomenon c a l l e d  

"aperture  blockage". The "source" (or "feed") and feed t ransmission 

l i n e  combine t c a  c r e a t e  an obs t ac l e  i n  the  d i r e c t i o n  of radia-ed energy. 

The expression f o r  ga in ,  t he re fo re ,  contains  a f a c t o r  of 0.70 (see 

Appendix A) t o  account f o r  t h i s  loss. 

The s igna l  po la r i za t ions  a l s o  have e f f e c t s  on power t rans-  

mission. In order  t o  i l l u s t r a t e  t he  po la r i za t ion  of a signal, it is 

necessary t o  consider wave motions. 

wave motion: longi tudina l  and t ransverse.  Longitudinal wave v ib ra t ions  

occur p a r a l l e l  to  and t ransverse  wave v ib ra t ions  perpendicular t o  the 

d i r ec t ion  of wave motion. 

In na ture ,  t he re  are two types  of 

Sound waves a r e  p r i m a r i l y  l ong i tud ina l ;  
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f luid-surface waves and electromagnet ic  waves, which include microwave 

r ad ia t ion ,  are primari ly  transverse.  Since microwaves are t r ansve r se ,  

e i t h e r  t he  electric f i e l d  (E), the magnetic f i e l d  (a), or both, v i b r a t e  

i n  a plane perpendicular to the  d i r e c t i o n  of propagation (f ig .  15). The 

p o l a r b a t i o n  of an electromagnetic wave is, by d e f i n i t i o n ,  the d i r e c t i o n  

of the E vector. 

whose E vector  lies e n t i r e l y  i n  a f ixed  plane as t h e  wave propagates i n  

t h e  d i r e c t i o n  shown. The a t t enua t ion  of power transmission due to  

signal po la r i za t ions  must a l s o  be considered here  because f o r  maximm 

ef f i c i ency ,  the t r ansmi t t i ng  and receiving antennas should have the  same 

p o l a r h a t i o n .  I f ,  f o r  example, the r ece ive r  is polar ized a t  90 degrees 

with respect to  the t r a n s m i t t e r ,  i t  w i l l  receive no power a t  all. 

Figure 14 is an example of a l i n e a r l y  polar ized wave 

Circular  po la r i za t ion  r e f e r s  t o  the circle (a h e l i x  i n  

three-dimensional view) w e p t  out by the t i p  of vector  E, ( f ig .  15) 

whose components l i e  i n  ho r i zon ta l  and v e r t i c a l  planes. These compo- 

nents  are equal i n  magnitude but have a phase angle d i f f e rence  of 

90 degrees between themselves. 

t ransmit ted when the  po la r i za t ion  of the receiving antenna is unknown i n  

both magnitude and d i r ec t ion .  This study assumes the use  of orthogonal 

receiving antennas t o  e l iminate  concerns about s i g n a l  polar izat ion.  

C i rcu la r ly  polar ized signals are of t e n  

2.2.3 - Power Reception: The amount of power in t e rcep ted  depends 

d i r e c t l y  on the  e f f i c i e n c y  of the receiving antenna which a l s o  r e c t i f i e s  

microwave energy i n t o  d i r e c t  current  power. This special device has 

been named the rectenna. Present design of the rectenna evolved from a 

"strlng-type" rectenna (ref .  20) as shown on f i g u r e  16. Present 
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rectenna c o n s i s t s  df a foreplane,  a r e f l e c t i n g  plane,  and a sepa ra t ion  

plane between the foreplane and t h e  r e f l e c t i n g  plane. 

ana r e c t i f i c a t i o n  funct ion are c a r r i e d  out at  the foreplane,  which is a 

sheet  of l ightweight Mylar film. The a c t u a l  c i r c u i t r y  is seen as copper 

e tchings on both s i d e s  of t h i s  Mylar f i b e r  (thin-fi lm printed c i r c u i t ) .  

The presence of the r e f l e c t i n g  plane, which is metal l ised up to  a emall 

depth t o  minimize its mass, only adds to  the  o v e r a l l  e f f i c i e n c y  of t h e  

re ct enna. 

The c o l l e c t i o n  

Reference 13 provides a list of t he  advantages of the t h i n  

design (over an earlier design using e l l i p s o i d a l  r e f l e c t o r ) .  F i r s t ,  t h e  

design has l i t t l e  or no d i r e c t i v i t y  i n  order t o  avoid having t o  point to  

the t r ansmi t t e r  antenna a l l  t he  time. Second, heat is l o c a l l y  d i s s i -  

pated by convect ion. F i n a l l y ,  the a c c e p t a b i l i t y  of relaxed mechanical 

tolerance minimizes weight. Figure 17 shows a sketch of t he  thin-fi lm 

rectenna as proposed I n  reference 21. Table 2 is a summary of d i f f e r e n t  

e f f i c i ency  f a c t o r s  associated with the p a r t s  of f i g u r e  3. 

0.95 I s  the maximum transmission e f f i c i e n c y ,  t he  assumption of t h e  

uniform phase and amplitude d i s t r i b u t i o n s  made earlier gives  a lower 

e f f i c i ency  f a c t o r  (see f ig .  8 ) .  "hie  study assumes the rectenna is  

located on the  lower surfaces  of the wing. 

2.3 Cost Models 

Even though 

This study uses the same cost  model as presented by Brown ( re f .  14) 

f o r  the phased-array t r ansmi t t i ng  antenna. 

follows: 

The r e l a t i o n s h i p  is as 

Life-cycle cost  = Antenna cost  + Equipment cos t  + Energy cost  
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bc P, 
L 

= * t + @ t + -  nl 

Pt = t o t a l  rad ia ted  power 

At = t ransmi t t ing  antenna a rea  

a 
m = cost (per k i lowat t  of rad ia ted  power) of 

c cost of 60-Hz energy p e r  kw-hr 

b = number of hours i n  l i f e  cycle  

nl = conversion e f f i c i ency  (from 60-Hz 

= cost per u n i t  area f o r  antenna 

equipment 

t o  microwave) = 0.60 

Using representa t ive  values  (Table  3) f o r  a, , and bc/nl ,  the  

l i fe -cyc le  cost is p lo t t ed  aga ins t  antenna area ( f ig .  18). The minimum 

point f o r  cost  occurs approximately where the  power cos t  is equal t o  the  

antenna cost .  This minimum point can a l s o  be derived a n a l y t i c a l l y  

( re f .  14). Depending on the  power requirements of t he  h igh-a l t i tude  

platform, the  power dens i ty  a t  t h e  rectenna var ies .  Figure 19 p l o t s  the  

cost  aga ins t  antenna area f o r  a s p e c i f i c  value of power dens i ty  a t  the  

rectenna. Brown, In  reference 14, showed t h a t  the  minimum cos t  

increased with square root  of the  rectenna power dena i ty ,  and t h i s  t rend 

is implied by f igu re  20. 

For parabol ic  ref l e c t o r s  , the  antenna cost  is an exponential  

funct ion of its diameter ( re f .  20). The expression for antenna cost  is: 

Antenna Cost = aD 2'5 where Dt = r e f l e c t o r  diameter. 

Reference 20 provided a ranae f o r  a from 0.6 t o  1.2 $/f t2*5.  Other 

than the  above modification to  cost  model f o r  phased a r r ay ,  t he  cost  
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components of the  cost model (due t o  equipment and hours i n  l i f e  cyc le)  

remain the  same. Figure 21 is a p lo t  of l i f e - cyc le  cos t  versus  antenna 

diameter. Appendix B provides an a n a l y t i c a l  de r iva t ion  of t he  minimum- 

cos t  point. 

The use of the  above two cos t  models assumes the  a i rp l ane  cos t  is 

not included, t he  development cos t  is already w r i t t e n  o f f ,  and some 

production experience has been accumulated (" learning curve") so as t o  

ob ta in  favorable  u n i t  costs.  As the  a i rp l ane  cos t  is assumed t o  be a 

f r a c t i o n  of the  l i fe -cyc le  cos t ,  these  models should give a close esti- 

mate of the  tptal  cost .  Table 3 gives  the range of values  of a, bc/nl ,  

and m as they w i l l  be used throughout t h i s  study. 

2.4 Tracking and Point ing Method 

The microwave beam nust  be focussed on the  rectenna a t  a l l  times. 

For a mechanically s t e e r a b l e  parabol ic  r e f l e c t o r ,  i t  is self-focussed. 

To point the  beam i n  the  proper d i r e c t i o n ,  sensor feedbacks (mounted on 

the  t r ansmi t t e r  sur face)  are compared and any imbalance r e s u l t s  i n  a 

change i n  the  point ing d i rec t ion .  Reference 14 a l s o  suggested the  use 

of a beacon beam a t  the  center  of the rectenna t o  focus and point the  

beam from a phased a r r ay  i n  the des i red  d i rec t ion .  

phase f ron t s  of the indivtdual  modules ( f ig .  6 )  t o  t h a t  of a center 

module and makes changes t o  focus and point the  beam i n  the  r igh t  

This method compares 

d l  rect ion. 

Another a t tenuat ion  f a c t o r  on the  power t ransmission e f f i c i ency  is 

the  beam de f l ec t ion  angle. For a phased ar ray  only, the  amount o f  

ava i l ab le  power a t  the rectenna is reduced by approximately the square 
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of the cosine of the de f l ec t ion  (point ing)  angle  of t he  beam as measured 

from the v e r t i c a l  axis ( f ig .  22a). 

The f l i g h t  path provides an add i t iona l  e f f i c i ency  f a c t o r  t o  

consider. For an a i r c r a f t  i n  turning f l i g h t ,  s ince  the  microwave b e a m  

is not perpendicular to  the rectenna, power ava i l ab le  is f u r t h e r  reduced 

by the  cosine of t he  sum of roll  angle of the  aircraft and the  point ing 

angle defined in t he  paragraph above (f ig .  22a). This a t t enua t ion  

f a c t o r  becomes the  s i n e  of the  sum of the  f l i g h t  path angle  and the  

t racking angle  measured from the  horizon (f ig .  22b) f o r  climbing f l i g h t  

( re f .  12). 

Mechanical tolerances as w e l l  as aper ture  cur ren t  e r r o r s  can 

produce e r r o r s  in the  point ing of t he  antenna beam. The Lincoln Labor- 

a to ry  Haystack H i l l  antenna (120-foot diameter paraboloid) has a peak 

uncer ta in ty  i n  point ing of 0.003 degree ( re f .  22). Brown ( re f .  1 4 )  

obtained the same estimate using a phased-array configurat ion t racking  a 

platform a t  20-km a l t i t ude .  This study assumes the same point ing 

accuracy In a l l  the ca l cu la t ions  t o  follow. 

Design values  t h i s  study follows are l i s t e d  i n  Table 4 f o r  both 

phased a r r ay  and parabol ic  configurations.  Table 5 is another compre- 

hensive l i s t  of a l l  a t tenuat ion  f a c t o r s  on power transmission covered up 

t o  t h i s  point. 
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WIND AND TURBULENCE 

The a b i l i t y  of high-al t i tude aircraft t o  s t a y  near  a ground source 

of power is important i n  wind environments. 

wind s t r u c t u r e  at high a l t i t u d e  is the re fo re  e s s e n t i a l  t o  t h e  designer 's  

a b i l i t y  t o  estimate t h e  size of t he  powerplant needed i n  generat ing 

s u f f i c i e n t  t h r u s t  t o  avoid being blown away. 

An understanding of t h e  

This study uses  the  99-percentile wind p r o f i l e  employed i n  earlier 

s t u d i e s  ( refs .  11-12). 'Chis p r o f i l e  is a s ta t is t ical  measurement of 

wind ve loc i ty  versus  a l t i t u d e  (f ig .  23) f o r  a l l  f i v e  launch and landing 

sites of space veh ic l e s  from east t o  west coast  of t he  United S t a t e s  

( re f ,  23). Figure 23 shows t h e  scalar values  of wind speed, without 

regard t o  wind d i r ec t ions .  S t r a i g h t  l i n e  segments connected a l t i t u d e  

levels .  

about 12 km (39,000 f t . ) ,  a t t r i b u t e d  t o  jet stream e f f e c t ,  gradual ly  

decreased t o  about 135 f t / s e c  at 70,000 f e e t  f o r  the 99 percent p r o f i l e .  

Another wind study s p e c i f i c a l l y  performed f o r  high-al t i tude platform 

concepts a r r ived  a t  approximately the same value f o r  maximum wind speed 

( r e f ,  24) .  The referenced study also recommended, based on wind 

p r o f i l e s ,  "minimum wind a l t i t u d e s "  of about 59,000 t o  62,000 f e e t  f o r  

sumper operatlono and 69,000 t o  72,000 f e e t  f o r  o the r  seasons. 

Values of wind speed indicated a peak value was reached a t  

18 
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Turbulence at high a l t i tude  was a l so  studied. Measurements taken by 

aircraft  such as the U-2 and XE-70 indicated that high-altitude a i r  was 

re lat ive ly  free of turbulence (ref.  11).  

gust structure is not entirely understood. "Universal" gust formulation 

has therefore not been available to be applied t o  a l l  desig- cases. 

It is often emphasized that 



VEHICLE SYSTEMS 

The vehicle  aerodynamics and systems have seve ra l  s p e c i a l  features .  

These are introduced i n  this chapter. 

composed of the propulsion, payload, and energy s to rage  components. The 

The f a m i l i a r  veh ic l e  system is 

c o r s t r a i n t s  uniquely imposed on the  veh ic l e  f l i g h t  path and its struc- 

t u r e  f a c t o r  w i l l  be examined following the system descr ipt ions.  

4.1 Propulsion System 

The proposed propulsion system uses an electric motor ronnccted t o  a 

p rope l l e r  by a gear system. The direct-current  electric motor has  

permanent magnets made from Samarium-CJbalt material at tached t o  its 

r o t o r  shaf t .  I n t e r a c t i o n s  between the magnetic f i e l d  produced from t h i s  

permanent magnet and the one from s t a t o r  windings produce mechanical 

r o t a t i o n  ( re f  . 25). The conventional switching/commutation using brush 

or s l i p  r i ng  can 'Fen be eliminated because no ex te rna l  e x c i t a t i o n  is 

required for the r o t o r  f i e l d  due t o  i t s  Dermanent magnets. E lec t ron ic  

commutation using so l id - s t a t e  devices w i l l  s t i l l  be required; however, 

with the problem of brush wear el iminated,  the motor €e more reliable 

without generating electromagnetic Interference.  Other advantages over 

conventional motors include reduced r o t o r  diameter,  high e f f i c i ency  over 

a wide range of speeds, a:i high power-to-weight r a t io .  Table 6 

compares the s p e c i f i c  weight of d i f f e r e n t  energy converters. 

s p e c i f i c  weight f o r  the Samarium-Cobalt design is 0.57 lb/hp using 

The 

20 
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projec t ions  from a t+IA!SA-Lewis study. 

1987 as t h e  technology readiness  date. 

This study cu r ren t ly  f o r e c a s t s  

Table 7 lists the character- 

istics of pmsent  and fu tu re  destgns. Metglas, seen fram this  table, I s  

an advanced magnetic material that o f f e r s  weight savings in motor 

migh t .  

A reduction gear would be needed t o  connect t he  m t o r  to the 

propelier. This study assumes a gear weight based on t h e  following 

formula given by r e f e r e m e  11: 

Gear Weight = 0.3 x maximum motor horsepower 

Reference 12 also s t a t e d  t h a t  t h i s  formula c lose ly  approximates t h e  

r e s u l t s  given by d e t a i l d e s i g n  methods. Table 8 summarizes the  design 

parameters f o r  motor, gear, and system. 

Other equipment must also provide power t r a n s f e r ,  w i t c h i n g ,  

battery-charging and c i r c u i t s ,  and d i s s ipa t ion  of excess power. 

Goldsmith and Reppucci ( ref .  26) projectcd a value of 65 W/lb f o r  power 

processfng devices dedicated to  payload functions.  They a l s o  gave 

SO W/lb as the value of cur ren t  devices. Reference 11 provided, based 

on advanced military a i r c r a f t ,  a value of 250 W/lb as the estimate on 

power-to-weight design parameter f o r  power processing devices  dedicated 

t o  propulsion power alone. 

f a r  on power-processing devicee. 

Table 9 summarizes a l l  values  presented thus 

The last element i n  the propulsion system is the propeller. .  A 

l a rged iame te r ,  low-speed des’lgn is necessary because high ef f ic iency is 

desired i n  the low dynamic pr 

iow-thrust loading). Reference 5 recomer 

wre encountered i n  f l i g h t  ( leading t o  a 

a t t  ;deoff study t o  



d e t e d m e  If 

is worth tke 

tha benefit of a three-bladed p rope l l e r  (less v i b r a t i o n s )  

loss irr e f f i c i e n c y  ampared to a two-bladed propeller.  

Consideratloa of mbimhiag flw disturbances may l ead  t o  s e l e c t i o n  of a 

pusher p rope l l e r  aonf&guratiaa. 

for motor, gear, ami propel lers ,  

4.2 Energy Storage Systems 

Table 8 presen t s  t h e  design parameters 

Energy storage technologies are of g r e a t  i n t e r e s t  t o  h i g h a l t i t u d e  

a i r c r a f t  because these technologies of fer secondary power sources during 

emergency situations or during t h e  g l i d e  port ion of t he  boost-gl ide 

f l i w t  modes. 

t h e  s p e c i f i c  technologies, 

This  study aril1 examine b r i e f l y  t h e  c h a r a c t e r i s t i c s  of 

(a) Bactery Technology: The ba t t e ry  converts chemical energy within 

its contalaer d i r e c t l y  i n t o  electrical energy. 

space satellites where high r e l i a b i l i t y  and long l i f e  are needed, t h e  

Nickel-Cadmium b a t t e r y  hes been employed q u i t e  often.  

parameter used to  oompare d i f f e r e n t  batteries has been the s p e c i f i c  

energy. Table 10 gives the range of the specific energy parameter f o r  

d i f f e r e n t  batteries (ref.  27). As seen, the  silver-hydrogen batteries 

o f f e r  the highest  specific energy but development problems thus f a r  have 

prevented widespread use of t h i s  type of b a t t e r y  f o r  space satellites 

(ref.  27). 

For app l i ca t ions  i n  

One performance 

Another performance parameter is t he  depth-of-discharge,  t h e  

percentage of specific energy t h a t  can be withdrawn from the  b a t t e r y  

without a f f e c t i n g  its eff ic iency.  

proportional to the b a t t e r y  l i f e  ( f ig .  2 4 ) .  Battery l i f e ,  i n  t u r n ,  

The depth-ofdischarge is inve r se ly  
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limits the nueber of chargeldischarge cycles. 

general ly  require  a l a rge  cycle number. In t h i s  regard, t he  Nickel- 

Hydrogen ba t t e ry  has an advantage over t he  N i c k e l - C a d m l u m  ba t te ry  Ln 

t ha t  it is able to  o f f e r  deep depth-of-discharge f o r  t he  same ba t t e ry  

l i f e  a8 N i - c d  bat tery.  

energy densi ty ,  means t h a t  the  "usable energy densi ty"  of Ni-H2 ba t t e ry  

is higher  than tha t  of Ni-Cd battery. 

Long-endurane missions 

keper depth-of-discharge,  along with higher  

Stadwick (ref.  27) compared weight and volume of the  above t w o  

batterie8. 

a t  the  expense of bigger volume. 

w i l l  be used on telecommunications satellites i n  place of Mi-Cd bat te r -  

ies. 

Figures 25 and 26 show a. weight advantage of N i - R 2  ba t t e ry  

Ni-RZ batteries, s t a r t i n g  i n  1983, 

(b) Fuel Cells: Fuel cells convert chemical energy, from reactants 

drawn from tanks crjtside its container ,  i n t o  electrical energy. One 

notable example is the  hydrogen-oxygen fue l  cell being deployed on the  

Space Shut t le  Orbiter. Depth-of-dfscharge f o r  rechargeable f u e l  cells 

is as high as 90 percent. The e s s e n t i a l  c h a r a c t e r i s t i c  t h a t  d i s t i n -  

guishes a fue l  cell from a chemical reac tor  (ba t t e ry )  is the s p a t i a l  

separat ion of charge and reac tan ts  ( f u e l  and oxidant). 

separat ion,  the chemical react ion occurs only when an e l e c t r i c  c i r c u i t  

is completed (ref. 28). This c i r c u i t  is pa r t  e l e c t r o l y t i c  and p a r t  

e l ec t ron ic  (Pig. 27). Direct contact between reac tan ts ,  by d i f fus ion  

across  the e l e c t r o l y t e ,  results In loss of capacity. Max imum power 

supplied by a regenerative fue l  cell i n  1981 was 350 kW ( re f .  29). This 

Due t o  t h i s  
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partidar system, designed f o r  satellites, has a to ta l  system energy 

storage dens i ty  of 19.9 W-hr/lb. 

comparison of energy dens i ty  between fue l  cells and battertes 

requires  s p e c i f i c a t i m  of discharge time of f u e l  cells. 

discharge period, the higher the  energy density of f u e l  cells s ince  only 

the tank s b e  increases. 

mass for thermal control and charging power than batteries. 

chargeldtsdmrge e f f i c i ency  is less than 50 percent f o r  today's f u e l  

cells and l i f e  expectancy of present systems is about 20,000 hours. The 

1990's goals call f o r  60-percent e f f ic iency ,  40,000-hwr l i f e ,  and 

s p e c i f i c  power range of 100 t o  200 W/kg (ref. 30). 

The longer the  

F u e l  cells also requi re  30 to 60 pcrcent more 

The ove ra l l  

(c) Plywheels: I n e r t i a l  energy can be converted t o  electrical 

energy using a device ca l led  8 flywheel. 

ro t a t ing  flpwhesl i n  the form of k i n e t i c  energy. Electrical power, when 

required, it3 ex t rac ted  by a t taching  a generator t o  the wheel sha f t  and 

desplnning the rotor .  

e l ec t ron ic  switching. 

flywheel are the  following: 

geometric center  of the ro t a t ing  mass, (b, a no-wear mechanism In  a 

vacuum environment t o  mlnfmlac? lo s ses  a t  high ro t a t iona l  speeds, and 

(c) e l ec t ron ic s  for the motor/generatot combinatcon ( f  ig. 28). The 

motor/generetor combination is of the Samarium-Cobalt type discussed 

earlier. Flywheel devices, unl ike b a t t e r i e s ,  are insens i t i ve  t o  depth 

of discharge. Charge/discharge cycles  e a s i l y  reach 103 ,GOO. Among the  

disadvantages, there  has been no operat ional  system designed f o r  

The energy is s tored  i n  the  

The generator can be converted i n t o  a ro to r  by 

Other key technologies incorporated i n t o  the  

(a) maeetic suspensior, c lose t o  the 
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aerospace purposes. 

of the complete system but of t he  d i sk  alone, d i n g  it very d i f f i c u l t  

Most a v a i l a b l e  information gave energy dens i ty  nut  

to  compare aga ins t  performances of f u e l  cells o r  b a t t e r y  systems. 

Table 11 presents  a letrotatory u n i t ' s  cha rac t e r i sL ics  of a system 

designed f o r  satellite use (rei. 31). 

Reference 11 compared the  usable s p e c i f i c  ene rg ie s  (from batteries, 

regenerat ive f u e l  cell, and flywheel) and concluded t h a t  the Ni-E2 

b a t t e r y  system was favored at a l l  times i f  t h e  requiremen, f o r  s to rage  

power was one hour or less. 

Ni-H2 batteries.. 

4.3 Aerodynamics and S t a b i l i t y  

This study assumes the  same requirement on 

Table 12 g ives  the  design criteria on power storage. 

Long-endurance c h a r a c t e r i s t i c  of a high-al t i tude a i r c r a f t  demands a 

high c r u i s e - l i f t  c o e f f i c i e n t  and a very low power. 

f l i g h t  at t h i s  high a l t i t u d e  is a l s o  a f f e c t e d  by a l o w  Reynolds-number 

flow. 

drag, low Reynolds-number a i r f o i l s  as indicated by f i g u r e  29. This 

The aerodynamics of 

There have been 3 number of a t tempts  t o  design h i g h - l i f t ,  l ow-  

f i g u r e  shows l i f t - d r a g  polars t h a t  were obtained by experiments 

( ref .  5). A i r f o i l  design must a l s o  provide cooling flow over the 

rectenna su r face  t h a t  is i n t eg ra t ed  with the wing lower surfaces.  As a 

result of the  wide range of l i f t  z o e f f i c i e n t  over which drag c o e f f i c i e n t  

changes very l i t t l e ,  t h i s  study assumes the  following form f o r  veh ic l e  

drag c o e f f i c i e n t  . 
C D = C D  + C , 2 J l A R e  

0 

where 

CD 0 vehicle 's  p r o f i l e  drag c o e f f i c i e n t  
0 
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AB * aspect ratio 

C,, - l i f t  c o e f f i c i e n t  

e = Oswald e f f i c i e n c y  f a c t o r  

The Oswald f a c t o r  is assrpmed to vary l i n e a r l y  with aspect ratio: 

e 1 - (0.009)(AR) (ref.  7) 

The vehicle p t o f f l e  drag c o e f f i c i e n t  is comparable to  t h a t  of a 

conventional motorized gl ider .  Based on t h i s  assumption, re ference  7 

est imated C,, to be 0.02. 
0 

HI@ aspect ratio is desirable €or good aerodynamic e f f i c i ency ,  

However, f i g u r e  30 ind ica t e s  that as span length is increased (higher  

aspect  ratio), power d e n s i t i e s  of outboard regions are considerably 

reduced, r e s u l t i n g  i n  less power being success fu l ly  in t e rcep ted  f o r  on- 

board use. 

tLp a t t enua t ion  compared t o  smaller t r ansmi t t e r s  ( f ig .  31); however, 

l a r g e r  t r ansmi t t e r s  are more expensive. A r ep resen ta t ive  aepect r a t i o  

of 10 is therefore  assuated i n  t h i s  study, 

Increasing t h e  diameter of a t r ansmi t t e r  causes less wing- 

The low-,mwer requirement on RAPP makes it  d e s i r a b l e  to  design for 

inherent  s t a b i l i t y  s ince  a s t a b i l i t y  augmented system would c r e a t e  

add i t tona l  demand on power besides  making the  ove ra l l  system mote 

complex. As opposed t o  conventional a i r c r a f t ,  t he re  would be no center-  

of-gravi ty  l i m i t s  because there  would be no weight change. 

4.4 St ruc tu re  and Fatigue Factor  

The microwave-powered HAPP is designed t o  consume as l i t t l e  power as 

possible;  consequently, it must be constructed of l igh tweight  material. 

Current aoutces of turbulence do not contain d a t a  f o r  shor twavelength  
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gusts which are re levant  t o  AAPP design. 

t h e  long durat ion of MPP f l i g h t s  preclude frequent  inspec t ions ,  a l l  

referenced EtApp s t u d i e s  prefer red  conservat ive fatigue-load design 

fac tors .  

Because of t h i s ,  and because 

This study assumes that the  proposed veh ic l e  resembles a matorized 

g l i d e r  i n  its configuration. A f e a s i b l e  de3ign f o r  t h i s  paper, based on 

a survey of g l i d e r  s p e c i f i c a t i o n s  from reference  32, would have a s t ruc-  

t u r a l  weight f r a c t i o n  of at least 0.6. It w a s  assumed, t he re fo re ,  that 

up to a maximum of 40 percent of vehic le  weight would be set a s ide  f o r  

power-processing devices ,  energy-storage system, payload, and propulsion 

system. The rest of the  vehic le  weight would come from a i r c r a f t  cont ro l  

system and s t r u c t u r e  weight. 

weijht f r a c t i o n  can be found i n  Appendix A. 

4.5 Vehicle F l igh t  Paths 

An a n a l y t i c a l  expression for s t r u c t u r a l  

The basic requirement on any vehic le  f l i g h t  path is t h a t  it must 

allow f o r  adequate t racking  by a ground s t a t i o n .  

suggest t h a t  f l i g h t  paths be contained w i t h i n  a cone, whose ver tex angle 

is 10 degrees a t  most, for a phased-array configurat ion.  Parabol ic  

r e f l e c t o r s  can t rack  f l i g h t  paths which are confined t o  the  planes 

containing the  r e f l ec to r s .  Considerations of the  a t t enua t ion  f a c t o r s  

(Table 5) may f u r t h e r  inf luence the  choice of poss ib le  f l i g h t  paths. 

4.6 Payloads 

Data from Table 6 

Payloads must be dnimfzed  i n  weight and c a r e f u l l y  in t eg ra t ed  In to  

the  vehic le  i n  order  t o  keep veh ic l e  Alze as small as possible. 

these  general  gu ide l tnes ,  howr.ver, payload c h a r a c t e r i s t i c s  such 88 

Beyond 
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volume, weight, and power vary with the nature of the proposed missions. 

This study chooses, as a representat ive mission, a communicat~ons-relay 

mission. 

H&gh-Altitude Mrcraf  t Program indica tes  tha t  payload for  such a 

IPIssIon, on the average, weighs 100 pounds, occupies 3-feet volume, and 

has a power reqaireaent of 1 kilowatt .  

A study conducted by the  Lockheed Company f o r  the  Air Force 

3 

The c i t ed  study considered 

airplaues whose gross might ranged from 1,000 t o  40,000 pounds. 

reference payload f o r  t h i s  study will  assume the above charac te r i s t ics .  

The 



CHAPTER 5 

VEHICLE 9PERATIONS 

The normal takeoff procedures employed by conventional a i r c r a f t  are 

not s u i t a b l e  f o r  microwave-powered HAPP's because AAPP's do not possess  

any s i g n i f i c a n t  internal power source. Heyson (ref .  9) suggested t h a t  

an a g r i c u l t u r a l  a i r c r a f t ,  due to  its excess t h r u s t ,  be u t i l i z e d  t o  tow 

HAPP's up to  a 3-km a l t i t u d e ,  i n  proximity to  a ground s t a t ion .  

ing the  release from the  tow a i r c r a f t  and motor start ,  a series of 

climbing tu rns  would br ing HAPP's up t c  t h e i r  c ru i se  a l t i t u d e .  

launch opt ion would b e  to  equip the  HAPP with a j e t t i s o n a b l e  power 

pack. Extra weight of this  power pack would not be a problem because 

the  a i rp l ane  climbs more e f f i c i e n t l y  i n  the  denser a i r  of low a l t i t u d e s  

( ref .  8). Propel le rs  ground clearance would also be another problem. 

The l a rge  dimension of t h e  p rope l l e r s  would n e c e s s i t a t e  t he  use of a 

wheeled do l ly  ( i n  place of a long landing gear)  upon which a HAPP would 

be mounted during the  ground taxi run. In  keeping the  HAPP c lose  t o  a 

ground s t a t i o n ,  a launch day with favorable  weather would be selected.  

Follcw- 

Another 

The recovery procedures would use the  g l id ing  f l i g h t .  The 

propel le rs  would be stopped and locked i n  a hor izonta l  pos i t ion  during 

the recovery phase. This phase could a l s o  happen when low-alt i tude 

winds are calm due t o  the  low s t a l l  speeds of HAPPs. The long dura t ion  

of HAPP f l i g h t s  would make i t  poss ib le  t o  choose per iods I€ favorable  

29 
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weather. Anot5er consequence of t he  long dura t ion  is the  few times t h a t  

the  takeoff and recovery procedures would be ac t iva t ed  compared t o  the  

f reqriency of t akeof f s  and landings of conventional a i r c r a f t .  

There are seve ra l  modes of operat ion f o r  a HAPP. In one mode, the  

vehic le  circles above a point  on the  ground while continuously rece iv ing  

power from a station loca ted  within t h i s  circle. A small ba t t e ry  would 

be needed t o  power the  control sur faces  and navigat ion equipment i n  case 

of a dhort-term in te rcupt ion  of ground power. "his continuous power 

mode can best  be employed by phased-array systems whose three-  

dimensional t racking  c a p a b i l i t y  allows a v a r i e t y  of f l i g h t  paths wi th in  

its lo-degree "power cone. " 

The boost-r 'ide mode described i n  Chapter 1 can be employed when t h e  

g l ide  port ion of t h e  f l i g h t  path cannot be contained within the  above 

power cone. Parabol-ic r e f l e c t o r  systems are ab le  to  e f f i c i e n t l y  t r ack  

vehic les  u t i l i z i n g  t h i s  i n t e rmi t t en t  power mode i f  the  f l i g h t  paths are 

two-dimensional ( f ig .  32). During the  g l i d e  port ion of t he  f l i g h t ,  

payload power is ex t r ac t ed  from on-board b a t t e r i e s  which are recharged 

during the climb phase. I f  the vehic le  f a i l s  t o  receive power from a 

ground s t a t i o n  i n  t h i s  mode of operat ion,  it w i l l  l o s e  a l t i t u d e  before  

being ab le  t o  receive power from the next ground s t a t i o n  of t he  chain of 

s t a t i o n s  posit ioned along the des i red  d i r e c t i o n  of f l i g h t .  

This paper w i l l  consider only the  two modes (continuous and 

in t e rmi t t en t )  of operat ion described i n  t h i s  chapter. The continuous 

and i n t e r m i t t e n t  (or boost-glide) modes are analyzed only with a r r ay  and 

dish antennas,  respect ively.  



CHAPTER 6 

ANALYSIS AND DISCUSSION 

The important technologies mentioned i n  earlier chapters  are now 

incorporated i n  analyses of microwave-powered f l i g h t  a t  c r u i s e  con- 

d i t i ons .  

teristics such as aspect ratio and airspeed t o  the  t r a n s m i t t e r  s i z e  and 

power. The e f f e c t s  of veh ic l e  f1:ight mechanics on power requirements 

and, t he re fo re ,  size can be evaluated. Cost models presented earlier 

allow cost estimates t o  be made as soon as t o t a l  power r ad ia t ed  and s i z e  

of the t r a n s m i t t e r  are known. Combinations of changes i n  design 

criteria serve t o  e s t a b l i s h  t rends on vehicle  s i z e  or system cost. 

example, the e f f e c t  of simultaneous increases  i n  t r a n s m i t t e r  s i z e  and 

power could he analyzed t o  see whether it would reduce the  veh ic l e  s ize .  

The following analyses concentrate on effects of d i f f e r e n t  wind 

Appendix A provides a method of r e l a t i n g  the  veh ic l e  charac- 

For 

conditions and f l i g h t  mechanics on both vehicle  s i z e  and system cost.  

The continuous and i n t e r m i t t e n t  power modes are a l s o  assumed f w  each 

wind condition. 

6.1 Continuously Powered Vehicle 

The continuous power mode employs a phased-array t r a n s m i t t e r  

( f ig .  5 )  f o r  both the  zero-wind speed anti nonzero wfnd speed cases. 

6.1.1 Zero-Windspeed Case: There are several  considerat ions with 

respect t o  minimlzing the power requirement. F i r s t ,  concerns about t he  

31 
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veh ic l e  baing blown out of t h e  transmission range notwithstanding, low 

values  of equivalent a i rspeed are employed i n  t h i s  f l i g h t  errvironment. 

Secondly, t he  a v a i l a b l e  power is st rongly influenced by the  t u r n  r ad ius  

of t h e  vehicle 's  assumed circular f l i g h t  path (whose cen te r  coincides 

w i t h  t he  phased-array t ransmit ter) .  

large roll angle, the  propulsive power would be increased while t he  

ava i l ab le  power would be decreased ( t h e  rectenna is  less "vis ible"  t o  

t h e  ancorning beams). The r a t i o  of the propulsive power t o  the  a v a i l i b l e  

power would be very l a r g e  at small t u r n  r ad i i .  This power r a t i o  is  

p lo t t ed  aga ins t  the tu rn  radius  i n  f i g u r e s  33a and 33b. A s  seen f o r  

each value o f ' t h e  wing loading, the r a t i o  decreased u n t i l  a minimum 

value was  reached. The power r a t i o  slowly increased as l a r g e r  t u rn  

r a d i i  were reached because while t he  required propulsive power was less, 

the ava i l ab le  beam power was even smaller (than tnose a t  smaller tu rn  

r a d i i )  as the  beam was de f l ec t ed  a t  l a r g e r  angles from the  v e r t i c a l  

axis. 

2 t i n g  its "eff ic iency" factor cos eo cos (eo + 4) (equation (l!b),  

Appendix A) aga ins t  the tu rn  radius  ( f ig .  34). A s  seen from t h i s  

f i g u r e ,  maximum values were reached a t  the same tu rn  r a d i i  t h a t  produced 

minimum values  of the power r a t i o  on f i g u r e  33. 

vary from 3600 f e e t  t o  5300 f e e t  f o r  the wing loadings shown. 

C o f f e r s  an expression f o r  cos2 eo cos (eo + $1 i n  terms of the tu rn  

radius  and the veh ic l e ' s  c h a r a c t e r i s t i c s .  

A small t u r n  radius  would produce a 

The above trend on the  a v a i l a b l e  power can best be seen by plot-  

The optimum t u r n  r a d i i  

Appendix 

A vehicle  s i z i n g  algorithm was w r i t t e n  t o  f a c i l i t a t e  t he  computa- 

t i o n s  involved. The algorithm se l ec t ed  an optimum t u r n  radius  based on 
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the  above considerations.  Next, payload c h a r a c t e r i s t i c s ,  component 

e f f i c i e n c i e s ,  and vehic le  aerodynamics were specif ied.  Assuming a vazue 

f o r  Pt 

la ted.  The s t r u c t u r a l  weight f r a c t i o n  is then calculated.  I f  it is not 

a t  least  0.6, ca lcu la t ions  are repeated with a d i f f e r e v t  assumed value 

f o r  Pt. 

a l s o  spec i f ied  earlier. 

(eqeation (14), Appendix A) allows t h e  wing area t o  be calcu- 

The estimate on the  syatem cost  can be made i f  un i t  cos t s  a r e  

The predicted s i ze  and annual coat f o r  severa l  sample cases are 

shown i n  f igu res  35 and 36. The vehic le  s i z e  increases  l i n e a r l y  with 

increased peyload power ( f ig .  35). This is predicted by equation (16) 

of Appendix A. The changes i n  s lopes  of the curves were caused by the  

s t r u c t u r a l  weight f r ac t ion  exceeding the  minimum required value of 

0.6. The annual cost  is p lo t t ed  aga ins t  the power cost  ( the  term 

hc/ol of sec t ion  2.3) i n  f igu re  36. 

f o r  d i f f e r e n t  payload weights. The r e su l t i ng  l i n e a r  increases  for the  

sane amount of power consumed were d i r e c t  r e s u l t s  of h igher  un i t  costs .  

The cost  estimates were very c lose  

Variat ions from the  design values tha t  were made on the  propulsive 

e f f i c i ency  and the vehic le ' s  p r o f i l e  drag coef f ic ien t .  The required 

propulsive power per u n i t  of wing area went up as a result of decreasing 

propulsive e f f i c i e n c i e s  and higher  drag coe f f i c i en t s  (equation ( 9 )  of 

Appendix A). An examination of the  structural-weight-fraction expres- 

s ion revealed tha t  the  payload weight per  un i t  of the  wing a rea  was 

reduced in order t o  keep t h i s  f r a c t i o n  constant. 

held constant so the  wing area was increased as a r e su l t .  Figure 37 

The payload weight was 
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shaws the results for the case of a 100-pound payload weight ( re ference  

payload). 

Reductions were also made on the  ba t t e ry  endurance T and t h e  

s t r u c t u r a l  weight f rac t ion .  This f r a c t i o n  includes the  sum of two 

components: the aropuls ive power per u n i t  of the  wing area and the  

payload weight p e t  u n i t  of the  wing area. "t.u propulsive component is  

unchanged when the s t r u c t u r a l  weight f r a c t i o n  is lowered. The payload 

weight (per un i t  of wing area) component t he re fo re  must be increasad i n  

order  t o  reduce the fract ion.  The payload weight was held constant ,  

r e su l t i ng  i n  a decrease i n  the  wing area. 

s t r u c t u r a l  weight f r a c t i o n  is lowered are shown by f igu re  38. Likewise, 

the reductions i n  the ba t t e ry  endurance parameter T caused both of t h e  

above components (payload weight and propulsive power per u n i t  of the  

wing area) of the  s t r u c t u r a l  weight f r a c t i o n  t o  decl ine.  

i t o e l f ,  as a r. J u l t ,  is decreased i f  t he  wing are6 is kept ct,nstant. By 

proport ional ly  reducing the wing area, the  f r a c t i o n  can be kept  

constant. The net  e f f e c t  (lowering the  parameter T decreasee the  

s i z e )  I s  a l s o  shown by f igu re  33 f o r  a 100-pound payload weight. 

The smaller s i z e s  as t h e  

Tibe f r a c t i o n  

Another conaideration involves the vehic le  s i z e  versus  the  ccs t  of 

the transmission system. The cost  of the  transmiesion sys tem as formu- 

l a t e d  does not include the  a i rp l ane  cost. The same payload power can be 

ex t rac ted  from l a r g e r  vehic le  s i z e s  (r.-crultlng from heavier  payload 

weight) as shown by f igu re  35. However, the  power dens i ty  ( p a  u n i t  of 

wing area) is reduced if the  payload power is kept  unchanged as veh ic l e  

s i t e  is increased ( the  required propulsive power per un i t  of wing area 
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is always constant by using equat ion (9) of Appendix A). 

cos t  is proport ional  t o  t h e  power dens i ty  at t h e  rectenna ( sec t ion  2.3) 

and, hence, is also reduced f o r  l a r g e r  veh ic l e  s izes .  

s l i g h t  drop i n  cost f o r  heavier  payload weights ( l a r g e r  vehic le  sizes) 

as payload power is kept  constant. The above t radeoff  between cost 

versus size is possible  only i f  a larger vehic le  s i z e  does not pose 

Operational problems. 

The system 

Figure 39 shows a 

6.1.2 Non-eero Wind Speed. There are a l t e r n a t i v e  f l i g h t  paths 

ava i l ab le  to the  vehic le  in t he  presence of winds. 

climb t o  a hlgher a l t i t u d e  t o  seek more favorable  wind speeds as 

f igu re  23 indicated,  providing there is no adverse e f f e c t  on payload 

capacity. A comprehensive list of possible  maneuvers t o  counter wind 

e f f e c t s  depends on many o the r  f a c t o r s  l ike  payload power and a t t enua t ion  

f a c t o r s  ( ref .  12). 

The veh ic l e  could 

The f l i g h t  paths for vehic les  constrained in  a constant  a l t i t u d e  

were evaluated by Sink0 (ref .  35). 

constant-radius turn segment and a s t r a i g h t  f l i g h t  segment. The veh ic l e  

heading is In to  the tnd at the  start and completion of the  t u r n  

segment. The vehicle  r e tu rns  t o  the  s t a r t i n g  pos i t i on  by employing a 

s t r a i g h t  f l i g h t  segment i n t o  the  wind following the  completion of t h e  

t u n .  

maximum dimension (compared t o  the diameter of a eero-wind circle d i s -  

cussed i n  :ection 6.1.1) depending on the r a t i o  of the  wind ve loc i ty  t o  

the vehicle  ve loc i ty  ( f ig .  40). 

One f l i g h t  path would combine a 

l'h3 ground t rack  resembles a letter "D" and increases  i n  its 



Another flwt path was also considered for a v e h i c l e  flown at a 

coastant altitude. FollooJing t h i s  path, a constant-radius,  l e f t  t u rn  

occurs when the veh ic l e  faces a 'head' wind, A r i g h t  t u rn  would then be 

executed to bring the  vehicle  i n t o  the  head wind again. 

r ight-turn sequence would be followed by a r i g h t - l e f t  sequence to r e t u r n  

t h e  vehicle  to the  s t a r t i n g  point, 

"Figure-8." Under the  i d e a l  condition of zero wind speed, t h i s  

"Figure-$" is a c t u a l l y  two adjacent  circles. The maximum dimensions of 

the  Figure-8 t r a c k s  would decrease as wind speed becomes l a r g e r  and 

l a r g e r  (fig. 41). 

The l e f t - t u r n ,  

The ground t r ack  would re6emble a 

The maximum dimensions fo r  both of t he  above ground t r acks  are 

compared i n  f i g u r e  42. S t a r t i n g  from a sum of the diameters of t he  

coit iguous circles a t  zero wind speed, the maximum dimensiq-n f o r  a 

Figure-8 t r ack  decreases t o  ze ro  as the wind speed approaches t h e  

vet.; ,le speed. The vehicle  would then be in a "hovering" f l i g h t .  By 

con t r a s t ,  the  maximum dimension of a D-shaped t r ack  would be equal t o  

the diameter of the  zero-wind circle at  zero wind speed, but would 

increase u n t i l  it is about t h r e e  times t h i s  diameter as the wind speed 

approaches the vehicle  epeed (f ig .  4 2 ) .  The transmission e f f i c i e n c y  of 

the phased-array t r ansmi t t e r  s u f f e r s  f f  the beam point ing angle has t o  

be in-reased t o  t rack the vehicle  (fig.  22a). A l a r g e r  maximum dimen- 

s ion of the  ground t rack n e c e s s i t a t e s  a l a r g e r  point ing angle. 

ing t h i s  l og ic ,  it is necessary to  switch from a "D-shaped" t r ack  t o  a 

"Figure-8" track as the wind speed I s  about 0.35 of the veh ic l e  speed 

(f ig .  42). 

Follow- 
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The v a r i a t i o n s  of the pwer ratio (the required prtPDer divided by t h e  

a v a i l a b l e  beam power) are considered because of t h e  i r r e g u l a r  shape of 

t he  ground track. 

c i r c u l a r  ground t r ack  considered earlier, t h e  power ratio f o r  a D-shaped 

t rack  v a r i e s  because the beam p o i n t i n g  angle  has to be changed r egu la r ly  

to t r ack  the vehicle. 

a “D” t rack ,  t h e  power ratio is p l a t t e d  against the angle + (fig. 43). 

A s  18 varies from 0 to u, the veh ic l e  would t r a v e l  ha l f  of t h e  

D-track I f  t he  Wind d i r e c t i o n  is not changed. 

value of the  ve loc i ty  r a t i o  ( the  wind ve loc i ty  divided by t h e  veh ic l e  

ve loc i ty )  rises to  a maximum value, then dec l ines  (fig.  43). The ava i l -  

able beam power is being propor t iona l ly  reduced as the  size of t h e  

maximum dimension of the  D-shaped t r ack  increases  i n  h igher  wind speeds. 

The power ratio is the re fo re  highest  at t h e  highest  ve loc i ty  ratio 

(f ig .  43). 

p a r t i c u l a r  values  of the  angle  $ where the  ava i l ab le  power is at a 

minimum (the requil.red power is assumed constant). 

ava i l ab le  power is evident  by p l o t t i n g  its e f f i c i e n c y  f a c t o r  

cos2 9, cos( eo + 0 )  aga ins t  the var iab le  9. The same values  of $ 

t h a t  produc: peaks i n  f i gu re  43 cause minimum values  of the  e f f i c i e n c y  

f a c t o r  and, t he re fo re ,  minimum ava i l ab le  power ( i ig .  44). 

Unlike the  constant  power ratio of a zero-wind, 

A s s d n g  the  s t a t i o n  is located at t h e  center of 

The power ratio for each 

The peaks of the  d f f f e r e n t  curves of f i g u r e  43 occur a t  

The v a r i a t i o n  in t h e  

The power r a t i o  of a vehic le  f l y i n g  a Figure-8 t r ack  is a l s o  con- 

sidered. This ground track is u t i l i z e d  whenever the  r a t i o  of the  wind 

speed t o  air speed is 0.35 or  g r e a t e r  as discussed earlier. The power 

s t a t i o n  is assumed t o  be at the center of t h i s  track. As a result, the  
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hor i zon ta l  d i s t ance  b e t w e e n  the ground s t a t i o n  and t h e  veh ic l e  decreases  

to zero as it completes --fourth of t he  ground track. 

of motion is ind ica t ed  by t h e  arrows of f i g u r e  41. 

symmetry of t he  ground t r ack ,  t he  power ratio is ca lcu la t ed  f o r  only 

one-fourth of t he  t r ack  (fig.  45).  For t he  same angle  rl, of f i g u r e  4 5 ,  

t he  siee of the  t r ack  sh r inks  as t h e  wind speed inc reases ,  enabl ing t h e  

veh ic l e  t o  receive more of the  a v a i l a b l e  power compared t o  t h e  amount of 

receivable p o w e r  at a lower wind speed. Therefore, t he  ratio of the  

constant required power to the a v a i l a b l e  power is l a r g e s t  a t  the  

smallest v e l o c i t y  ratio. For each curve of f i g u r e  4 5 ,  the  maximum r a t i o  

The d i r e c t i o n  

Because of t h e  

occurs at @ = 0 when t h e  constant required power is divided by the  

minimum a v a i l a b l e  power. 

d i s t ance  from t h e  power source. This maximum d i s t ance  is half  of the 

maximum dimension shown by f i g u r e  41. Likewise, the corresponding 

e f f i c i ency  f a c t o r  cos' eo cos ( 0  + $) 

the  ava i l ab le  power is minimum (f ig .  4 6 ) .  For the  same angle  e, t h e  

highest  e f f l c i ency  of f igu re  46 corresponds t o  the highest  v e l o c i t y  

r a t io .  

This happens when the  veh ic l e  is at a maximum 

is minimum a t  Q = 0 because 

The curves of f igu res  43-46 are useful  i n  e s t a b l i s h i n g  the  design 

point along the ground t r acks  a t  d i f f e r e n t  wind conditions. 

s i zed  at: t he  point of maximum power ratio (minimum e f f i c i e n c y )  would 

o f f e r  more than enough wing area ( tectenna su r face )  to  i n t e r c e p t  power 

f o r  on-board systems at  o the r  points  of the ground track. The power 

r a t i o  f o r  a D-track is maximized when the horizontal  d i s t ance  from the 

A veh ic l e  



veh ic l e  t o  the s t a t i o n  is greatest .  

is ca lcu la t ed  by using the method of Appendix D. 

This d i s t a n c e  from the design point  

The veh ic l e  s i z i n g  algorithm of t h e  previous s e c t i o n  I s  modified t o  

The wind v e l o c i t y  include the 99-percentile wlnd p r o f i l e  of f i g u r e  23. 

can then be ca lcu la t ed  at t h e  design a l t i t u d e .  

r equ i r e s  the v e l o c i t y  ratio ( the  wind v e l o c i t y  to the  vehicle ve loc i ty )  

as an a d d i t i o n a l  input  parameter. 

The above algorithm 

The s i z i n g  r e s u l t s  provided by the algorithm are shown by 

f igu res  47-48. The t h r u s t  generated by t he  veh ic l e  carrying t h i s  

payload is s u f f i c i e n t  to  prevent it from being blown away by a wind 

speed of up t o  135 ft/sec a t  70,000-foot a l t i t u d e .  The almost i d e n t i c a l  

vehicle  sizes,  which are proport ional  t o  the  required power, r e s u l t s  

from f i g u r e s  43 and 45 where i t  is shown t h a t  t he  power r a t i o s  

(proport ional  t o  t he  required power) are very c lose  at  d i f f e r e n t  wind 

conditions. For the case of a veh ic l e  maintaining a D-shaped track, the  

increases  i n  the wind speed lead t o  ground tracks with l a r g e r  dimen- 

sions.  More power must be supplied t o  the veh ic l e ,  r e s u l t i n g  i n  t h e  

increases  i n  the cost  estimates. Because of t h i s  e f f e c t ,  t he  cos t  goes 

up as the ve loc i ty  r a t i o  is increased f o r  the same payload power 

( f ig .  49) .  Less power is required i n  the "Figure-8" t r a c k  because t h e  

t rack s i ze  sh r inks  as the wind speed steps up i n  its magnitude. 

coat savings of f i g u r e  50 r e f l e c t  t h i s  condition. 

The 

Variat ions were a l s o  made In the t r a n s m i t t e r  diameter and t h e  

r e s u l t i n g  vehicle  sizes and cos t  estimates ca l cu la t ed  a t  each diameter. 

The vehicle  s i ze  is r e l a t i v e l y  constant f o r  t he  same payload weight 
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(fig. 51). 

s t r u c t u r a l  weiRht f r a c t i o n  exceeding the  design f r ac t ion .  When the  

antenna diameter is increased from t h e  basel ine value of 240 f e e t ,  t h e  

power t h a t  must be supplied to a vehicle  ctln be reduced. The savings in 

power cost (less power t ransmit ted)  are more than o f f s e t  by the inc rease  

i n  the  antenna cost (fig.  ' 8 ) .  The net e f f e c t  is an increase i n  t h e  

total  cos t  (fig.  52). Decreasing the t r a n s m i t t e r  diameters still l e a d s  

to  an increase i n  the  annual cost estimate because the  reductions in t he  

antenna cos t  are compensated by t he  rise i n  the  power cost. 

optimum diameter,  the cost components are about equal. 

6.2 The B o o s t 4 l i d e  F l igh t  Mode 

The f l u c t u a t i o n s  in veh ic l e  size are caused by t h e  a c t u a l  

A t  t h e  

The h s t - g l i d e  f l i g h t  mode (chapt. 1) is considered when the  

vehicle  ground track requ i r e s  a l a r g e  b e a m  d e f l e c t i o n  angle  for track- 

ing. A parabol ic  r e f l e c t o r  (fig.  6 )  is s u i t a b l e  for t h i s  t a sk  s i n c e  it 

does not s u f f e r  any loss i n  t ransmit ted power when i t  is def l ec t ed  from 

t h e  v e r t i c a l  a x i s  ( t a b l e  5 ) .  In con t ra s t  t o  t he  nonplanar f l i g h t  paths 

assocfated with the phased-array configurat ion of t h e  previous s e c t i o n ,  

t h e  boost-glide f l i g h t  path would be r e s t r i c t e d  t o  a plane generated by 

the t racking microwave beam. 

The boost and g l i d e  port ions of the f l i g h t  path are shown by 

f i g u r e  32. 

r e f l e c t i o n  of the assumption of constant climb rate. 

port ion is a function of the l i f t d r a g  r a t i o  of the vehicle.  

range per s t a t i o n  (fig.  32) depends on the wind d i r e c t i o n  and magnitude, 

the a l t i t u d e  d i f f e rence  achieved by the climb phase, the veh ic l e  climb 

The l i n e a r  a l t i t u d e  gain during the climb period is a 

The l i n e a r  g l i d e  

The total  
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rate, and the equivalent  airspeed. 

ca l cu la t ing  the  t o t a l  range. 

important €or  the purpose of spacing the  power s t a t i o n s  along the  

des i red  groucd track. Another perf ormance-related parameter t h a t  is 

also ca lcu la ted  by the method of Appendix E is the  g l i d e  t i m e .  This is 

t h e  t i m e  taken by the  vehfcle  t o  g l i d e  between the  maximum and minimum 

a l t i t u d e s  of f i g u r e  32. 

endurance. The ba t t e ry  endurance, i n  tu rn ,  a f f e c t s  the s t r u c t u r a l  

weight f r a c t i o n  as defined i n  Appendix A. 

Appendix E o f f e r s  a method f o r  

The range computed by t h i s  lpethod is 

The g l i d e  t i m e  determines the  required b a t t e r y  

The extensive ground t rack  of a boost-glide f l i g h t  requi res  some 

considerat ions as t o  the  proper loca t ion  of a ground s t a t i o n  given t h a t  

the  t o t a l  range is ca lcu la ted  by the method of Appendix E. This  paper 

considers every loca t ion  along the  climb range as candidate loca t ions  

( f ig ,  53). 

equal segments. 

t o  be measured by the  total f a r - f i e ld  power density.  The t o t a l  fa r -  

f i e l d  power dens i ty  is found by summing up the  ind iv idua l  power dens i ty  

a t  each vehicle  posit ion.  This process is repeated f o r  a l l  m candi- 

da t e  locat ions.  

then p lo t ted  aga ins t  the  candidate loca t ion  measured i n  terms of its 

d is tance  from the o r ig in  of t he  climb range ca l led  the  percent of climb 

range (f ig .  53). As seen from t h i s  p l o t ,  the  power a e n s i t y  rises t o  a 

maximum, then decl ines .  

then a t  approximately 45 t o  50 percent of the  climb range. This criter- 

ion for  loca t ing  a s t a t i o n  would be assumed f o r  a l l  fu tu re  ca lcu la t ions .  

The f l i g h t  path and the  climb range are d i s c r e t i z e d  i n t o  

The e f fec t iveness  of each candidate loca t ion  is assumed 

The sum of power dens i ty  of each candidate loca t ion  i s  

The optimum loca t ion  f o r  the ground s t a t i o n  is 
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The design poir., has been chosen t o  r e f l e c t  a m a x i m u m  power r a t i o  

(figs. 43 and 45) .  

mode. 

a i rspeed is a t  its maximum value,  requi r ing  the  g r e a t e s t  amount of 

propulsive power. 

have excess power at  the lower a l t i t u d e s  where the  t rue  a i r speed  is 

lowered. The excess power would be used t o  recharge the  batteries 

(chapt. 5 ) .  

This pract ice’would be continued for the  boost-glide 

The design point  would be at the maximum a l t i t u d e  where the  t r u e  

A vehic le  s ized  a t  the  design point  would the re fo re  

Th? vehic le  s i z i n g  algori thm of the previous sec t ion  now accepts  the  

wind d i r ec t ion  angle and t h e  wind-scale f a c t o r  as add i t iona l  inputs.  

The wind-scale f a c t o r  con t ro l s  the  magnitude of the 99-percentile 

p r o f i l e  of f igu re  23. A f a c t o r  of 0.5, f o r  example, would re turn  a 

p r o f i l e  only half  the magnitude of t h a t  shown by f igu re  23. 

The t o t a l  rangc and predicted span i n  zero  wind speed are given by 

f igu res  54 and 55. The t o t a l  range is the  sum of the  ranges obtained 

during the  climb and g l i d e  phases. 

constant equtvalent  a i r speed ,  the  total  range is a l i n e a r  funct ion of 

t he  l i f t -d rag  r a t i o  and the a l t i t u d e  difference.  The minimum a l t i t u d e  

is assumed a t  60,000 f e e t ,  the  maximum a t  70,000 f e e t  f o r  the best  

t racking accuracy (chapt. 2). With the  same a l t i t u d e  d i f f e rence ,  t he  

t o t a l  range then depends only on the  l i f t -d rag  r a t i o  ( f ig .  5 4 ) .  The 

ac tua l  s t r u c t u r a l  weight f r a c t i o n  exceeded the  des i red  f r a c t i o n  a t  some 

payload power, causing a change fn s lope  of the  curves of f igu re  55. 

Assuming a constant  climb rate and a 

The vehic le  s i z e  I s  a l s o  ca lcu la ted  fo r  a non-zero wind environment. 

The vehicle  a i rspeed is genera l ly  higher than t h a t  of a zero-wind case. 
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This would guarantee that the vehicle is not  blown away by a s t rong  

wind. 

20 km ( f ig .  23), the  max imum wind speed would be known upon specifying a 

minimum a l t i t u d e  of f l i g h t .  For design purposes then, t he  a i r speed  a t  

the  minimum a l t i t u d e  would have t o  exceed t h i s  maximum wind speed. 

e f f e c t s  of the  wind d i r e c t i o n  angle and the  wind magnitude on t he  

vehic le  s i z e  are shown by f igu res  56 and 57. For the  same payload 

power, the  vehicle  s ize  decreases  s l i g h t l y  as wind magnitude ( s c a l e  

f ac to r )  is reduced (f ig .  56). This r e s u l t s  frow a s l i g h t l y  lower demand 

f o r  propulsive power as the wind r e s i s t ance  is lessened. No such e f f e c t  

is evident when only the  wind d i r e c t i o n  is changed; t h e  s izes  are 

v i r t u a l l y  the  same (f ig .  57). 

Since the  wind ve loc i ty  gradual ly  increases  below an a l t i t u d e  of 

The 

The t o t a l  range (per  s t a t i o n )  is a funct ion of many va r i ab le s  s t a t e d  

at  the  beginning of t h i s  sect ion.  

t h e  wind magnitude (or the  wind-profile scale f a c t o r )  produces the  

p r o f i l e  shown by f igu re  58. Gradually decreasing the  magnitude improves 

the  ground speed proportionally.  Range is theref  ore  increased 

(fig. 58). The gain i n  range comes a t  the  expense of r i s i n g  annual cos t  

as the power l o s s  increases  with distance.  The cost  estimate shown by 

f igu re  59 is f o r  a reference payload of 100 pounds and 1000 watts. 

6.3 Comparative Analysis 

For i l l u s t r a t i o n  purposes, varying 

Resul ts  from the  s i z i n g  algorithms developed f o r  the boost-glide 

(parabol ic  d i sh)  and continuous power (phased-array) conf igura t ions  were 

compared. A reference payload tha t  weigha 100 pounds and consumes 1 KW 

of power was assumed f o r  a l l  comparisons between the  two configurat ions.  
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Since the cost ana lys i s  of t h i s  s tudy is l imi t ed  7 '  t h e  antenna-related 

costs (excluding cons ide ra t iow of vehic le  costs), the  following 

discussion i d e n t i f i e s  system type according t o  the  type of t r ansmi t t e r  

used. 

The vehic le  ranges f o r  both configurat ions were not compared because 

the  range f o r  a vehic le  powered by an array was l imi t ed  by the  power 

a v a i l a b i l i t y  a t  the  extreme de f l ec t ion  angles  f o r  the  microwave beam 

(f igs .  33-34). Power, not range, w a s  the pr imary cons idera t ion  here. 

The vehic le  s i z e s  were compared f o r  a z e r o r i n d  speed case. The 

sizes were ca lcu la ted  using the  same vehic le  aerodynamic characteristics 

f o r  both the d i sh  and a r r ay  t ransmi t te rs .  The small d i f f e rence  i n  s i z e  

arose from the dish-powered vehic le  having t o  e x t r a c t  power from the  on- 

board b a t t e r i e s  f o r  a longer period of t i m e  ( f ig .  60). The longer  

ba t te ry  endurance d id  a f f e c t  the vehic le  s i z e  as demonstrated earlier 

( f ig .  38). 

The size comparison was also made f o r  a nonzero wind speed. A 

maximum wind speed of 167 f t / s e c  would be assumed f o r  an array-powered 

vehic le  operat ing a t  60,000-feet a l t i t ude .  Since the wind magnitude is 

decreased a t  higher  a l t i t u d e s ,  t h i s  would a l s o  be the maximum wind speed 

encountered by a dish-powered vehic le  whose maximum a l t i t u d e  is 

70,000 feet .  With the Resign point f o r  boost-glide f l i g h t  chosen a t  

t h i s  a l t i t u d e ,  t he  dish-powered vehic le  has a higher  a i r e p e d  than that 

of a l oca l - f l i gh t ,  array-powered vehicle.  This d i f f e rence  i n  speed l ed  

t o  demands f o r  l a r g e r  propulsive power t h a t  accounted f o r  t he  l a r g e r  

size of a dish-powered vehic le  ( f ig .  61). 
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The annual cost (excluding the  a i r p l a n e  c o s t )  of t he  d i s h  and a r r ay  

transmitters was compared using the models introduced earlier ( sec t ion  

2.3). 

dens i ty  (same veh ic l e  capabi l i ty) .  The equipment and power were a l s o  

assumed t o  cos t  the same (per kilowatt of power generated) f o r  both 

t ransmit ters .  

( f ig .  62). The d i s h  transmtttet, t he re fo re ,  cos t  more f o r  the same 

vehicle  capab i l i t y  (fig.  63). 

The t r a n s m i t t e r s  were assumed t o  produce the same f a r - f i e l d  power 

The antenna cos t  of a parabol ic  d i s h  was higher  



SHAPTER 7 

CONCLUDING REMARKS 

A l imi ted  study has been made on the s i z i n g  and performance of hiph- 

a l t i t u d e ,  long-enduranre vehicles.  

microwave beam energy suppl ied by e i t h e r  a phased-array t r ansmi t t e r  f o r  

continuosly powered f l i g h t  or a parabol ic  d i sh  t r ansmi t t e r  f o r  boost- 

g l i d e  f l i g h t .  

These vehic les  are powered by the  

Resul t s  have shown t h a t  the phased-array configurat ion is  favored 

over the  d ish  t r ansmi t t e r  when the  cost  estimates f o r  both are compared. 

Using a reference payload, the  predicted vehic le  s i z e  is less f o r  array- 

powered vehicles.  
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APPENDIX A 

EXPRESSIONS FOR WING AREA AND STRUCTURAL WEIGHT FRACTION 

Wing-Area Expression : 

"Radar-range"equation (ref. 33): 
n 

2 far-field power where 'avail 
h = range of transmisston 
X = wavelength 

Pt = power transmitted from a ground station 

G1 and G2 are antenna and rectenna "gains," respectively. Assuming 

uniform phase and amplitude distributions of power density on surface of 
transmitter : 

471 GI --A 
x2 

(phased-array configuration) 

or 4 n  (parabollc dish) 

where At 5 surface area of transmitter 

where F = percent of wing area, Swing, 4 n  

covered by rectenna and 'wing 
= - 

n = "illumination" ef f iciency - 1 for uniform illumination 

47 
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Let  Bo and 8 be the point ing and t racking  accuracy angles ,  

respect ively.  Pt f o r  a c i r c u l a r  ape r tu re  being uniformly i l lumina tea ,  

is given by: 

2 
) - cos 4 Pt 

J1 is t'.e f f r s t -order ,  f i r s t -k ind  Bessel funrt ion.  

IS defined i n  Figure 22a 

0 = 0.003* ( ref .  15) 

Dt - diameter of tire c i r c u l a r  t r ansmi t t e r  

For a mec-ianically s t ee rab le  parabol ic  t r ansmi t t e r ,  Pt is  not 
a f fec ted  by 8, (see Table 5 ) :  

Swing, the wing area ,  is less v i s i b l e  (not perpendicular t o  

microwave beams) when the  vehic le  is climbing o r  turning (fig,;. X a ,  

22b). Therefore,  the e f f e c t i v e  wing area is: 

cos ( e o  + $1 Swing ( turn ing  f l i g h t  ) 

s i n  'Bo + Y) swing (climbing f l i g h t  ) 

Angles eo and y are shown by fqgures 228 qtd "?b. eo, i n  

climbing f l i g h t ,  is the t racking angle shown by f1gu.-e 22b. 
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For a vehic le  i n  turning f l i g h t ,  powered by a phased-array ground 

antenna, subs t i t u t e  (2), appropriate  expressions f o r  GI and Gz i n t o  

(1) and simplify: 

2 

(4) 
F COS eo pt COS (oo+$) 

E 

2 PBvail ax 

where x = h s i n  (0.003°) 

h = transmission range 

For a vehicle  i n  climbing f l i g h t ,  powered by a parabol ic  d i sh ,  

subs t i t u t e  (3) and expressions f o r  GI and G2 i n t o  (1): 

The required propulsive power ( i n  s teady,  l e v e l  f l i g h t )  per u n i t  

wing area: 

vO 
P 
prop= D 
'wing 'pro p'wing 

'prop * the propulsive e f f i c i ency  where 

Vo = the a i r  speed of the vehicle  i n  l e v e l  f l i g h t  

D the drag force  

where p * the air's dens i ty  

CD = the  vehicle 's  drag coe f f i c i en t  (defined i n  sec t ion  4.3) 

Let V be the airspeed i n  turning f l i b h t .  I f  t he  l i f t  coe f f i c i en t  i s  

assumed t o  be constant during turning and l e v e l  f l i g h t ,  then: 



Y U 

P - Prop 

W 5 the aircraEt weight 

+ =  the roll angle 

3 c v  P 
D 

1.5 D o 

vO 
v - 7 z i i n  (7) s i m p l i f i e s  to: 

The required propulsive power per u n i t  wing area i n  turning f l i g h t  

is found by s u b s t i t u t i n g  (8) i n t o  ( 6 ) :  a t  a constant (+, 

(9) 

= ' level 

'turn (cos p or 

For a veh ic l e  I.n climbing f l i g h t ,  the  required propulsive power can 

be developed from reference 36: 

P 
prop= CD v3 + [?][-"-1 
'wing *$rap prop 'wing 

where ROC = rate of climb 

IUSwing = wing loading 

V = air speed 

&ne rgy balance eq dat ion : 



5 1  

P prop + 'pap + ~ s t  'avail = 'avail [e] nrect (11) 

- the xectenna e f f i c i e n c y  ( In c o l l e c t i o n  and r e c t i f i c a t i o n )  where %act 

- percent of bu i l t - i n  redundancy of rectenna elements,  
Le,, e x t r a  wing area needed to  provide space f o r  
backup elements. 

rd 

Pavatl - ava i l ab le  power 

= percent of ava i l ab le  power dedicated t o  s to rage  

= payload power 

5 percent of wing area covered by rectenna elements 
PPaY 
F 

Solve f o r  pavai l  from (11) 

'avail = '('prop + 'pay) 

where K = [q[l -'..,I nrect * dimensionless constant  (12) 

The ref ore : 

'avail e f p r o p  + 'pay] (Swing = wing area) (13) 
'wing 'wing 

2 F cos eo Pt cos (eo + 4111 
(14) 

'avail 

'wing rn 2 From (4): 

(phrased-array t r ansmi t t e r  ) 

(parabol ic  d i s h )  
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(a) The wing ares for e veh ic l e  i n  turn ing  f l i g h t  at constant  l i f t  

coe f f i c i en t  1s found by s u b e t l t u t i n g  expressions (14) and (9) i n t o  (13) 

and solve f o r  Swiss: 

R E E L  (phased-array configurat ion)  (16) wing D1 - K D2 S 

D1 

and K 1s defined in (12). 

is the  r ight-hand s i d e  of (14), D2 is the  right-hand s i d e  of (91, 

(b) For a vehic le  i n  climbing f l i g h t ,  powered by a parabol ic  

r e f l e c t o r ,  t he  expression f o r  wing s i z e  d iEfe r s  only i n  the  d e f i n i t i o n s  

of D1 and D2. D1 is now the  right-hand s i d e  of (15). D2 is the  

right-hand s i d e  of (10). 

Expression f o r  S t r u c t u r a l  Weight Frac t ion  

L e t  WFT be t he  s t r u c t u r a l  weight fraction (0 < WFT < l ) ,  W1 be the  

t o t a l  weight of payload, propulsion system, b a t t e r y ,  and power-control 

devices. 

W1 = W (1 - WFT) where W = t o t a l  weight of a i r c r a f t  

WFT = 1 - (W1/W) 3r: 

In terms of payload power and propulsive power: 
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Using Tables 8, 9, and 12, C a  w d  C3 are given as following: 

C2 = Wpap/Ppay + 0.015 + 0.05 T 

C3 = 0.004 + OoOST + 0.0022 

where T = the battery endurance in hours 
= payload weight, lbs 

2 
W 

W/Swi*g = wing loading, 'b f / f t  

= propulsive power, Watts 

= payload power, Watts 

pay 

PProP 

pPaY 

C2 and C3 are in units  of lbf/W. WFT is dimensionless. 



APPENDIX B 

MINIMUM-COST POINT FOR DISH-ANTENNA COST MODEL 

bc Pt 
Life-cycle cost = C = aDt 2.5 + U P t + -  

9 
bc are defined in s e c t i o n  2.3. e ' K  where a, Dt, 

Pt is f u r t h e r  related to Dt by t he  following expression: 

Pt = 
Z D  (0.7) b t ? ?  

where Pd 5 power dens i ty  at  the  rectenna 

X = wavelength = 0.12 cm = 0.40 E t .  

h = reference a l t i t u d e  

% = rectenna e f f i c i e n c y  

0.7 = illumination e f f i c i e n c y  f o r  d i s h  antenna 

Subs t i t u t e  (2) into (1): 

2.5 K c = aDt +-  

2 2  A h  Pd 
where K = m + - [ :][ f 0 . 7  ";! 1 
Take rhe first de r iva t ive  of (3) with respect  to  Dt: 

1.5 2K 
-3 - dC 0 2.5 a Dt 

dDt Dt 

54  
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(4) vanishes a t  a particular value of Dt, l e t  it  be Dt*: 

1 - 
Dt 

Take the second der iva t ive  of (3) with respect  t o  Dt: 
2 6K Dt 

+- > 0 f o r  all D, > 0 d2C 0.5 - 5 (2.5)(1.5a) Dt 
d3 t: 

* Therefore, C is a t  the minimurn value when 

From (3): 

Dt = Dt 

K * * 2.5 
Minimum cost  - C = a(Dt ) + 

Oob4‘[ m f -  tq0*555k ’: ] 0.555 1.111 
= 1.988 a 

b.1 -g 1 

Minimum cost  v a r i e s  with (P,) 0 * 5 5 5  whereas it va r i e s  with square 

root  of Pd 

Models s ec t ion  of the  text. 

f o r  a phased-array t r ansmi t t e r  as noted earlier i n  the  Cost 



APPENDIX C 

The cosine of the pointing angle : eo 

where h = the altitude of flight 
Ro = the vehicle's turn radius (or the horizontal distance from 

the vehicle to the ground station) 

The sine of the roll angle (0: 

where "/Swing P 

) 3 '  

CL '  

K1 = 

O f  

cos( eo + 

where sin 9 = 

From (2): 

the wing loading 

the gravity's acceleration constant 

the vehicle's lift coefficient 
the air's density 

$1 = cos e 0 cos 41 - sin eo sin (0 (3)  

(4) 
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Substitute (1). (21, ( 4 1 ,  and ( 5 )  fato (3): 



APPENDIX D 

MAXIMUM BEAM DEFLECTION ANGLE AND RADIAL DISTANCE 

( X * Y )  = the coordinates of 
vehtcle at time t. 

( x o , y o )  = the coordinates of 
initial position. 

= the turn radius of 
vehicle in zero 
wind (Appendix C). 

RO 

Point 0 - location of the 
ground station. 

J, = the angle between 
the vehicle 
velocity vector 
and the wind 
vector. 

= the vehicle air 
speed. 

b A P 

"W = the wind speed. 

o = the angular speed = Va/Ro (1)  

The coordinates x,y are given by integrating the equations of motion: 

y = IVa sin $ dt + yo ( 3 )  

Substitute dt = d$/w irro (2) and (3): 
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Va and w are assumed constant throughout the flight. 
Substitute (1) into (4) and ( 5 ) :  

vw 
'a 

x - R~ (sin J, - - $1 + xo 

The distances AB, AP can be calculated by (6) and (7) if we let: 

xo = yo = 0 (point 0 of the sketch coincides with point P) 

J, = II (the vehicle is at point B) 

vW 

'a O 'a 

V 
AP = I R ~  (sin rn - 2 .)I = n~ - 

V 
W PQ = 2AP = 2 a 0  
a 

For a vehicle constrained in a constant-altitude flight, the maximum 
beam deflection angle occurs when the radial distance (shown by the 
dashed line of the  sketch) is maxidzed. This maximum radial distance 
is: 

Max. deflection angle = tan-' (dmax/h) 

where: p - the value of the angle J, at which the maximum radial 
distance occurs. 

h = the alt€tude of flight 

Jr' was found by a numerical method for several values of V,/V,. 
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1.04 rad I 0.1 

0.88 I 0.3 
0.96 I 0.2 

The e f f i c i ency  f a c t o r  cos2 0, cos (eo + $1 (Appendix C) becomes: 

h2 cos2 0, cos (eo + 0)  = - (K3 - K4) 
K2 

where: 

h = the  a l t i t u d e  of f l i g h t  

1.500 
= (h2 + [x, + Ro ( s i n  $ - - $)I2 + [yo + Ro (1 - cos $>I2) (10) 

K2 va 
2 

Kg 
K1 - defined I n  Appendix C 

Variat ions of cos2 ,a cos (eo + I$) with the  angle  9 are shown 
0 by f igu res  44 and 46. 

SDecial Cases : 

(a) Zero wind speed: Vw/Va = 0 

Let  the i n i t i a l  pos i t i on  of the veh ic l e  coincide with point P 
(see sketch):  

V 
W x lAPl  liRo a 0 

0 a 
Yo = -Ro 

( 6 )  and (7)  become: 

x = Ro s i n  J, 

y -Ro C O ~  J, 
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* ("D" t r ack  becomes a c i r c u l a r  t r ack )  
0 

x2 + y2 = R 

2 Max. r a d i a l  d i s tance  - x2 + y = Ro = constant  

Max. de f l ec t ion  angle  - tan-' (Ro/h) = constant  

(10) and (11) become: 
2 10500 

K2 = (h2 + R, ) 

K, 
K4 5 2 Ro= " "1 

RO 

(9) is independent of C and is reduced to  the  expression (6)  of 
Appendix C. 

(b) The wind speed is equal t o  the  vehic le  speed; Vw/Va - 1 

Let  point  0 coincide with point  P (see sketch):  

$ E 0 i n  this case because the  wind speed opposes the  veh ic l e  
speed ("hovering" condi t ion) ,  (6)  and ( 7 )  give: 

x = R ( s i n  J, - $1 = 0 

y = Ro (1  - COS 1)) = 0 

0 

From expression (1) of Appendix C: 

E 
cos e h 

2 2 O m 5  ( h 2 + x  + y  1 
s i n  eo = 0 

1 

( $  - veh ic l e  r o l l  angle)  

The e f f i c i ency  f a c t o r  is again independent of J, and is  constant  
for a constant 4. 

Max. r ad ia l  d i s tance  - x 2  + y2 * 0 

Max. de f l ec t ion  angle = cos" ( 1 )  = 0 



APPTNDIX E 

THE RANGE AND GLIDE-TIME EXPRESSTONS 

The Clide-Time Expression: - 
Let hi, h f ,  be the  i n t i a l  and f i n a l  a l t i t u d e s  i n  meters. 

Ve t he  equivalent  a i r speed  i n  m / s  

t t h e  g l ide  time i n  seconds 
g 

T c m  reference 3 4 ,  t he  rat: of sink: 

dh D -D - - P - V P - V  
d t  W L 

where L/D is the  l i f t - d r a g  r a t i o  

V = the  ai rspeed a t  an a l t l t u d e  h = [ ~ ( : I / S ) / ( D C ~ ) ] ~ * ~  

W/S = the  winp, loa4ing 

p = the  dens i ty  of a i r  a t  a l t i t u d e  h 

CL = the  l i f t  coe f f i c i en t  

L e t  Q = p/p0 

= sea-level dens i ty  of s i r  
Po 

From (1) and (2)  

(L/D) [apo%/Z(W/S) joo5dh = - 1, G d h  (3) L dh 
g D V  

dc O - - - P -  

'e 

where 'e - [2(w/s)/(PocL)]o*5 

Reference 5 o f f e r s  an expression f o r  a, t he  dimensionless ra t io  of 
dens i t i e s :  

6 * 1 .29746  exp (-h/ 1 2 6 8 3 . 2 4 )  ( 4 )  

where: h - the  a l t i t u d e  i n  meters. 

exp ( ) = t he  exponential  func t ion  of base e. 

Subs t i t u t e  (4) i n t o  ( 3 ) .  

6 2  
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t bf g L 1  I & E - - -  1.29746 exp (+)/12683.24)dh (hf < hi) 
‘e hi 0 

L I. 
L “f 

‘e hi 
1.29746 exp (+)/12683.24)dh (hf < hi) 

g L 1  I & E - - -  0 

G l i d e  time t = -1.29746 (L/DVe) exp :-h/12683.24)dh 

hi 
g 

= 16456 (L/DVe)[exp (-hf/12683.24) - ex? (-hi/12683.24)] 

(11,000 m G hi, hf 20,000 m) 

The Range Expression ( i n  Gliding Fl ight) :  

% = the  angle between the  
vehicle  speed and the  
ground t rack  

IJ = the angle between the  
wind speed and the  ground 
track 

V = the vehicle  aitspcied 

V, = the  wind speed 

V = the ground speed 
g 

The following assumptions are made f o r  the  following equation: 

(a)  a s w i l l  f l i g h t  path angle ,  (h) the  vehic le  heading is changed t o  

o f f s e t  the wind e f f e c t ,  (c) the  f l i g h t  path (f ig .  32) is completely 

contained within a plane generated by the  t racking microwave beam 

( ref .  10). 

V sin 0 - Vw s i n  LI = 0 

V = Vw s i n  d s i n  cb ( s i n  Q f 0) 
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Subs t i t u t e  (7)  i n t o  (6): 

dx = [(V, s i n  d s i n   COS @] d t  - Vw cos IJ d t  

(a) "Head" wind: l r = o  

sin IJ = 0 

From ( 5 )  with V -C 0: s i n  0 = 0 

@ =  0 o r  t 

From (6): dx = (V - Vw) d t  

From (1): V d t  = - -  dh D 

Range i n  a head wind = - 

Equation (9)  assumes 

g l ide  path. From ( 3 ) :  

h 

V 
L hf L - $  D d h + - $  D -dh 

hi hi 

the  l i f t - d r a g  r a t i o  is constant over the  whole 

Vw va r i e s  l i n e a r l y  with a l t i t u d e  h ( f ig .  23): 

Vw = a + bh 

(9) becomes : 

Subs t i tu te  (4) i n t o  (10): 
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where: 

F1 = [hi - hf - 16456 (o/Ve)(exp (-€If) - exp (-Hi)) ] 

8 F2 = -2.08715 x 10 b(L/DVe)[exp (-tif) * (Hf + 1) - exp (-Hi) * (Hi + 111 

Hf hf/12683. 24 

Hi = hi/12683.24 

a = i n  u n i t s  of m/s 

b = i n  u n i t s  3€ s-' 

(b) A constant  "head" wind: b = 0 (Vw = a = cons tan i )  

L 
D Range = F1 = - [hi - hf - 16456 (a/Ve)(exp ( - H f )  - exp ( - H i ) )  ] 

(c )  Z e r o r i n d  range: a = b = O  

L 
D Range = - (h i  - h f )  

( d )  If 6 = n: s i n  = 0 

Vector V ( see  sketch)  is i n  the  opposi te  d i rec t ion .  This  case 
g 

w i l l  not be considered fur ther .  

( e )  General case: s i n  CD t: 0 and a, b # 0 

From ( 8 ) :  

Subs t i t u t e  d t  = -(L/D)(dh/V) 

dx = Vw s i n  p cot 8 d t  - V COS v d t  
W 

V = a + b h  
W 

Mh f h 
L dh h €  

hi 

Range = - ( a  + bh) s i n  v cot  4 (77) + ( a +  bh) cos u 

(11)  

cot  0 a l s o  va r i e s  l i n e a r l y  wtth a l t i t u d e  h: 

:ot @ = c + dh 

Assume the wind d i r e c t i o n  is constant  over the  whole g l i d e  path,  

(11 )  can he in tegra ted  t o  y i e l d  the range expression. 
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Range - - s i n  i~ (L/DVe)(P3 - F4 - F5 -- Y6) - cos IJ (P7 + P2) (12) 

where: 

F3 - - 16456 ac [exp (-Hf) - exp (-Hi)] 

F6 = 5.29437 x 10l2 bd [exp ( -Hf)  * (Hf+ 1) - exp (-Hi) * (Hi + 111 

Hi = hi/12683.24 

Range i n  a Climbing Fl ight :  

dh 
dt Rate of climb = ROC = 

d t  = dh/ROC 

fa) Head wind: CP = 0 

dx v = - = v -  v" g d t  

e V = V 16 ; Vw = a + bh 

dx = ( V e / f i -  a - bh)(dh/ROC) 

Assume the  rate of climb is constant over the climb port ion of the  

€ l i g h t ,  the above expression can be integrated with (4) subs t i t u t ed  for 

6: 
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where: 

Hf = hf/12683.24 

Hi = hi/12683.24 (hi C hf)  

(b) Zero wind climb range: 

a =  b = 0 

Climb range = 9775 (Ve/ROC)[exp (Hf) - e x p  (Hi)] 

(c) Constant head wind: b - 0  

Climb range = 9775 (Ve/ROC)iexp (Hf) - exp (Hi)]- (a/ROC)(hf - hi) 
Hf and Hi are defined above. 

(d) General case: $ f 0 

a and b f 0 

dx = Vw s i n  ~r cot Q d t  - Vw cos ~r d t  

where d t  = dh/ROC 

Vw = a + bh 

cot 0 = c + dh 

dh dh dx = ( a +  bh)(c + d h )  s i n  p-- ( a +  bh) cos p -  
IU)C ROC 

Assuming R constant rate of climb and constant wind direct ion:  

hf 

hi 

Climb range - - sin Ir (ac + cdh + bch + bdh2) dh ROC 
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cos u hf 

hi 

- -  I ( d + b h )  dh ROC (13) 

where: 
ai + bc 2- hi2) + (hf3 - hi 3 11 (hf 

s i n  v 
Roc c2 = - [ a ~  (hf - h i )  + 

b 2 
[a (hf - hi)  + T  (hf2 - hi 11 cos v G3 = - ROC 

(hf > hi)  

The tota l  range per stat ion ( f i g .  32) I s  the sum of (12) and (13) 

for the general case. 
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Transmission 
Efficiency 

TABLE 1.- REQUIRED RECEIVING APERTURE AREA 

Amount of Power Required Aperture 
Radiation Area 

(KW) (ft2) 

0. a 
0. a 
0. a 

500 

1000 

1500 

TABLE 2.- TRANSMISSION EFFICIENCIES 

60-Hz to microwave conversion 

Transmission from generator 
to rectenna 

Rectenna collection and 
rectification 

139,931 

279,862 
419,783 

Efficiency 

0.6 

0.95 (max.) 

0.90 
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Area unit cost 

Equipment cost 
$/mJ 

TABLE 3.- RANGE OF VALUES FOR COST MODELS 

Power cost (yearly) 
$ /w 

Diameter 

Wavelength 

Scan Angle 

Accuracy 
(at 20 km) 

Phased Array Parabolic Reflector 

9.3 $ / f t2  0.6 - 1.2 $ / f t205  

200 200 

380 380 

TABLE 4.- DATA ON GROUND POWER STATION 

Phased Array 

240 f t  

0.40 f t  

& 10" i n  a l l  
d l  re c t ions 

0.003* 

Parabolic Reflector 

204 f t  

same 

180" 

same 
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TABLE 5.- POWER TRANSMISSION ATTENUATION FACTORS 

Factor  

Range, wavelength 
Aperture areas 

Amplitude and Phase 
Dis t r ibu t ions  

Transmitter geometry 
(J-D or c i r c u l a r )  

Beam de f l ec t  ion angle  
8 (measured from 
"&tical a x i s )  

Climbing f l i g h t  

Turning f 1 ight  

Parabol ic  Phased 
"Dish" - Array Analyt ical  Expression 

X X "Radar-Range '' equat ion 
(Appendix A) 

X X Gain expressions 
(see Appendix A) 

X X 

0 X 

X X 

X X 

cos2 e 
0 

sin Oo + $( f ig .  22b) 

cos eo + g . ( f ig .  22a) 

o = no e f f e c t  
x = af fec ted  
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TABLE 6.- A COMPARISON OF DIFFERENT ENERGY CONVERTERS 

Energy Converter Specif i c  Weight (1 h/hp) 

70-HP d i e s e l  10.71 

70-HP. 2-cycle gas 1.42 

Turboprop PT6A-41, 643 HP 0. 59 

Samarfum-Cobalt motor (8600 RPM) 0.57 

TABLE 7.- MOTOR DESIGNS COMPARISON 

TY Pe 
Power 

Speed 

Conductor 

Frame 

Stator-rotor 

Efficiency 

Specific weight 

Samarium-Coba L t  

35-HP  ma^ 

8600 RE4 

Copper 

Steel 

Steel 

0.93 
1.71 l b / h p  

Samarium-Cobalt 

35-HP IMX 

8600 RF'M 

Diffused graphite 

Copper 

Metglas 

0.93 

0.57 lb/hp 
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TABLE 8.- PROPULSION DESIGN PARAMETERS 

Electric motor 

Type 

Specif ic  power 
Ef f icf ency* 

&a r 

Type 
Specif ic  power (ref. 12) 

Efficiency (ref.  12) 

System (gear and motor) 

Specif ic  power 

Efficiency* 

Propeller 

Number of blades 

Diameter, f t  
RPM 

Reynolds number 

Efflclency* 

Advanced Sa-Co, brushless 

1308 W/lb 

0.93 

Reduct Ion 

2461 H/lb 

0.99 

849 W/lb 

0.92 

3 
24 

450 

0.1 x lo6 

0.85 

*At  d e s i j p  conditions 
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TAB1.B 9.- POWBB PkOcESSING TECHNOLOGY 

Function 

Payload 

Propulsion 

Specific Power 

Preeent 1985 
(w/13) (w/lb)  

45 65 

22 5 250 

T A R S  10.- SPECIFIC ENERGY OF ELECTROCHEMICAL SYSTEM 

Gravimetric Energy Density Volumetric Energy Density - SYSTEM 

W-HR/Kg W-HR/ Din3 

Pi-Cd 

9g -Zn 

Ag-Cd 

N i - H 2  

Ag-H2 

30-34 

90- 1 20 

10-60 

45-55 

70-80 

LOO 
2 60 

120 

40 
50 
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TABLE 11.- LABORATORY FLYWHtZEL CHARACTERISTICS 

Speed range 

Energy capacity 

Rotor Height 

Rotor ,nergy dent L t Y  

Charge/discharge duration 

Assembly weight 

Overall efficiwcy 

17,500-35,000 RPM 

1.5 KW-HR 
50.8 Kg 

29.5 W-HR/KG 
50/40 minutes 

78.5 Kg 

0.52 

TABLE 12,- BATTEhY CAPABILITY (NI-HZ) 

Starage energy, W-hr/kg 

Depth of discharge (6,000 cycles) 

Usable spec i f tc  energy, W-hr/kg 

Endurance, hr 

55 

0.80 
44 

1.0 or less 



Cocdyear Blimp 
Amerjca 
(1969) 

w-- 192 ft -=I 

800 K f t  HASPA 

Figure 1.- HASPA configuration vs. "Goodycar" blimp. 
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F i g w  - High-altitude powered platform concepts. 
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Power - Power 
Conversion Transmission 

A 

Figure 3.- Elements of a microwave transmission system. 

Power - Reception 
* 

Figure 4.- P r i w i p l e  of o,,t.~c;tion o f  the amplitron. 
Rotating spokes o f  space charge induce 
currents i n t o  the micrcwave c i r c u i t  and 
provide e f f i c i z n t  ampli f icat ion o f  the 
input signal .  
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s u b o r r r y  front v i e r  

Figure 5.- Individual modules ( le f t )  and circular array (right). 

Figure 6.- Paraboloidal reflector with focal length F. 
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Figure 9.- Beam pattern i n  polar coordinates. 
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Figure 10.- Tapered illumination effect on the radiation pattern of arrays. 
(a) Uniform; (b) Binomial; (c) Optimum; and (d) End-excited. 
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Figure 11. - Far - f ie ld  pattern o f  a c i r c u l a r  aperture. 
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Figure 12.- Far-field pattern o f  a rectangular aperture. 
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Figure 13.- Compzrison o f  patterns from cs'rcular and 
one-dimensional apertures. 
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n 
J / 

Figure 14.- Linear polar izat im of elec!.raagnetic raves. 
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Side view End v i e w  

$id. view o f  e n d  p o l a t  

Figure 15.- Circularly polarized mves. 
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figure 16.- Sctmatic drawing of a "string-type' rectenna. 

Figure 17.- Printed-fSlm rectennb. 
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I -  

Figure 22a.- Attenuation factors i n  turning f l ight ,  

Figure 22b.- Mtenuation factors i n  climbing f l ight.  
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Figure 23.- Steady-state, scalar wind-speed envelopes= 
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! l E C T R O D E  E I E C T R O L Y T ~  E L E C T R O U I  I I m ( I O N  I C )  

1 CATWODE ----- ANODE I 

Figure 27.- Fuel cell  schematic. 

O X I D A N T  

Figure 28.- Flykheel design. 
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Reynolds Number 

- L i  cbeck L1003M 1 x lo6 6 

---- Ormsbee VI-1720 1.4 x 10 
--- Wortmann FX74 1 x lo6 

Figure 29.- Experimentally determined l i f t - d r a g  polars for  
several h i  gh-1 i f t  a i  r f o i  1s. 
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Figure 33a.- Power r a t i o  as a function of the turn radius f o r  
a spec i f ic  value of the wing loading . 
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Figure 33b.- Power ratio vs. turn radius for several values 
of the wing loading . 

Figure 34.- Effect of turn radius on available p e t ,  
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Figure 36.- Effect of variation of power cost on annual cost. 
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Figure 37.- Effects of profile drag coef f ic ient  and 
propulsive e f  f iciencg on vehicle she. 
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Figure 38.-Effects o f  lowering the ba t te ry  endurance 
and the  structural  weight f r a c t i o n  on the 
vehicle s ize  . 
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Figure 40.- Maximum dimensions o f  D-shaped ground tracks 

wi th  increasing wind speeds . 
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Figure 41 .- Maximum dimensions o f  "Figure-8" ground tracks 
with increasing wind speed 

113 



Max. Dimension - - 
Diameter Of 

Zero-Wind Circle 

Ground Trock Shape 4rT 

0 .2 .4 .6 .a 1 .o 
",/"a 

Figure 42,- G r d  track sizep for different wfad speeds- 



420.t 

Power Ratio 

Figure 43. -  Variations of the power ratio with one-half of the 
D-track traveled(fixed wind direction) . 

@ 
radians 

Figure 4 4 . -  Variations of the available power (one-half 
of the D-track traveled) . 
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Figure 45.- Variations o f  the power r a t i o  with rne-fourth of  
the F igure8  track traveled (f ixed wirld direct ion)  . 
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Figure 46.- Variations of the avai lable  power with one-fourth 
of the Figure-8 track traveled . 
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Figure 47.- Redicted span length for a 1OO-pound payload weight 
("D" ground track) 

Figure 48.- Predicted span length for a 1001pOund payload weight 
(Figure - 8 track).  
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Pigare 49.- The cost estimate for a vehicle using a D-shaped track 
(100-lb Papload). 
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Pigure 50.- me cost estimate for a vehicle using a Figure-8 track 
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Figure 52.- The cost estimate as a fun.-tion of 
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Figure 54.- Total range in zero Vind speed. 
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pigure 56,- Effect of wfnd magnitude an vehdcle size. 
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Figure 57.- Effect of wind direction an vehicle size. 
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Figure 58,- Range as a functhm of d u d  magnitude, 

Figure 59,- Cost Parfation with total range. 
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Figure 60.- Zero-wind vehicle size comparison for a l-KW, 100-lb payload. 
Boost-glide and continuously powered modes use dish and array 

transmitters, respectively. 
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Figure 61.- Vehicle i i z e  comparison for a 1-KU, 100-lb payload (wind speed of 
Booert-glide and continuously powered d e s  use dish 167 ftjsec). 

and array transmitters, respectively. 
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Figure 63.- Comparison of annual costs for dish and array transmitters. 
Boost-glide and continuously powered modes use dish and 

array transmitters, respectively. 
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